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Abstract 
Small variations In the natural abundance of stable isotopes of carbon and 
oxygen in terrestrial ecosystems can provide important information about plant and 
ecosystem responses to environmental change. However, application of such variations 
requires a quantitative understanding of isotopic fractionations caused by plants. The 
aim of this thesis was to provide a better understanding of the biological and physical 
fractionation of carbon and oxygen stable isotopes during some physiological processes 
in plants. Key results are as follows: 
• Phloem water was found to be enriched in 180 relative to xylem water. 
However, the enrichments were rather variable among species, with Lupinus 
angustifolius and Ricinus communis, two herbaceous species, showing larger 
enrichments than Eucalyptus globulus, a long-lived, woody species. Results 
suggest that the potential influence of 180-enriched phloem water should be 
considered when interpreting 180/1 60 of organic material in herbaceous plants. 
• Leaf water 180 /160 was found to be more enriched at night than predictions of a 
steady state leaf water model under field conditions in both Lupinus 
angustifolius and Eucalyptus globulus. A non-steady state modification of the 
leaf water model resulted in improved predictions of nighttime leaf water 
180 /160 in both species. 
• Correlated changes were observed in phloem sap sugar concentration and 
phloem sap sugar 13C/12C in response to variation in plant water potential in 
Eucalyptus globulus. Results suggest that measurements of phloem sap sugar 
concentration may provide a simple, easily-obtained indicator of plant water 
status. 
• The 180 /1 60 of phloem sap sugars exported from photosynthesizing Ricinus 
co,nmunis leaves was found to be very close to that predicted for organic 
molecules in equilibrium with average lamina leaf water. Similar results were 
obtained for Eucalyptus globulus in the field. 
• Consistent variations in leaf organic material 180 /1 60 and 13C/ 12C between 
parasitic plants and their hosts were observed among different functional types 
of parasitic plants growing in southwestern Australia. In some cases these 
variations ere easily interpretable using existing models of plant organic 
IV 
material 180/160 and 13C/12C. However, in other cases, the observed variations 
could not be accounted for with such models. 
• The carbon dioxide diffusing out of Ricinus communis leaves in the dark was 
found to be very enriched in 180 compared to predictions made with a 
contemporary model of 180/160 in leaf dark respiration that considers only the 
net CO2 .efflux from the leaf. Modification of the model to take into account the 
large flux of CO2 that enters leaves, equilibrates with leaf water, and diffuses out 
of leaves without affecting the net CO2 _efflux, resulted in sensible 
interpretations of observed data. 
Collectively, the results presented in this thesis should allow improved interpretation of 
180/1 60 and 13C/12C in plant organic material, and of 180/160 in atmospheric CO2. lt is 
ultimately hoped that this will improve the ability of the scientific community to detect 
and predict plant and ecosystem responses to environmental change. 
· v 
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Chapter 1: General Introduction 
1.1. Motivation 
Chapter 1 
Anthropogenic activity has impacted upon many aspects of terrestrial 
ecosystems. For example, dramatic alterations in productivity, nutrient cycling, and 
species composition have occurred in many places. · In the coming century, terrestrial 
ecosystems will undoubtedly continue to experience extensive biophysical and 
biological change. It is important to understand and predict ecosystem responses to 
such changes, in order to avoid irreparable degradation of ecosystem goods and 
services. Sound predictions of ecosystem responses to environmental change must be 
based on reliable knowledge of the mechanisms that control ecosystem processes, 
particularly the transfer of energy and mass among ecosystem components. 
Within this context, it is i1nportant to consider plant physiological processes. 
Plants control the transfer of carbon, water, and nutrients between ecosystem biota and 
the abiotic environment. Plant physiological processes can be studied over a range of 
spatial and te1nporal scales and organizational levels. It is important to consider all of 
these scales and levels in order to gain multiple insights into how plants regulate 
ecosystem processes and responses to different types of change. 
Variation in the natural abundance of stable isotopes provides a useful tool for 
investigating the controls on plant physiological processes at scales ranging from the 
leaf to globe (Griffiths 1998). Recent technological advances have allowed 
measurements of stable isotope ratios to be made more quickly and efficiently than was 
previously possible. As a result, isotopic measurements can be easily combined with 
other physiological measurements to make novel insights into the mechanisms that 
regulate ecosystem function. 
Stable isotopes of the elements carbon (C) and oxygen (0) occur naturally in the 
enviromnent. The stable isotope 13C contains one neutron more than the much more 
abundant 12C, and comprises about 1 % of carbon in terrestrial ecosystems. Similarly, · 
the stable isotope 180 contains two neutrons more than 160, and comprises about 0.2% 
of oxygen in terrestrial ecosystems. The stable isotopes 13C and 180 are incorporated 
into biological cycles along side their much more abundant counterparts, 12C and 160. 
The ratios of the minor to major isotopes (1 3C/12C and 180 /160) are modified to varying 
extents during transfer between the abiotic environment and plants, and among different 
components within plants. These modifications are termed fractionations; alternatively 
the term discrimination can be applied, which specifically denotes the proportional 
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deviation from unity of the isotope ratio of a reactant relative to a product (Farquhar and 
Richards 1984). For many processes, discrimination against 13C or 180 varies according 
to how plants respond physiologically to changes in their environment. Such variations 
in isotopic discrimination can therefore reveal important information about plant and 
ecosystem responses to environmental change (Y akir and Sternberg 2000; Adams and 
Grierson 2001; Dawson et al. 2002; Ehleringer et al. 2002; Maguas and Griffiths 2003). 
1.2. Isotope Notation 
Because the natural variations that occur in stable isotope ratios are very small 
in absolute terms, the isotopic composition of a material (8x) is typically expressed as 
its relative deviation from that of a standard: 
(1. 1) 
where Rx is the isotope ratio of material X, and Rstd is that of the standard. The 
resulting 8 value is then multiplied by 1000, giving it the dimension per mil (%0), in 
order to avoid the use of very small numbers. Although different isotope laboratories 
often use different secondary standards, the 8 values are always related back to a 
primary standard, so that values can be compared among laboratories. For example, in 
the case of 813 C, values are related to the primary standard Pee Dee Belemnite (Craig 
1957), which has a 13C/ 12C ratio of 0.01124. 
In some cases, it is convenient to express the isotope ratio of a material as the 
relative deviation from a previous state following some process or reaction, rather than 
as the relative deviation from a standard. Farquhar and Richards (1984) suggested that 
the isotope discrimination associated with a process or reaction (Liv) could be expressed 
as 
L1 y = R reactant -1 , 
R product 
(1.2) 
where R reactant is the isotope ratio of material X before process Y, and R product is the 
isotope ratio afterward. The resulting 6. values are also typically expressed as per mil. 
1.3. Research Topics 
Application of stable isotope variations to the study of plant and · ecosystem 
physiology requires a quantitative understanding of the fractionation events that take 
2 
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place during the transfer of energy and mass within plants and ecosystems. The aim of 
research presented in this thesis is to provide a better understanding of the biological 
and physical fractionations of carbon and oxygen isotope ratios during some plant 
physiological processes. To this end, the following questions were addressed: 
1. Is water enriched in 180 by transpiration exported from leaves in phloem sap? If 
so, is the level of enrichment such that this process should be considered when 
interpreting variation in 180/160 of plant organic material? 
2. Can leaf water 180/160 be predicted under field conditions using a steady state 
model over a full diel cycle? If not, can the model be modified to take into 
account non-steady state variation? 
3. What is the physiological basis for a previously-observed, strong correlation 
between phloem sap sugar concentration and 13C/12C of phloem sap sugars? 
4. Is the fractionation of 180/160 between leaf water and sugars exported from 
leaves in the phloem sap predictable based on a known isotope effect between 
organic molecules and the water in which they fonn? 
5. Can the models that are currently available for carbon and oxygen isotope 
discrimination be applied to plants in the field that are taxonomically and 
functionally very diverse, and still provide sensible interpretations in terms of 
physiological processes? 
6. What are the controls over the oxygen isotope composition of carbon dioxide 
respired by leaves in the dark? Can a theoretical model be developed that 
explains observed variation in 180/160 of leaf dark respiration? 
1.4. Structure of the Thesis 
With regard to Questions 1 to 6 above, this thesis is structured as follows: 
Chapter 2 presents measurements of phloem water 180/160 in phloem sap samples 
collected from pod tips of Lupinus angustifolius periodically over a full diel cycle. The 
oxygen isotope composition of leaf water, in addition to other plant components, is also 
presented, and the departure from steady state predictions of leaf water 180 /160 
assessed. Observations are then compared against results of a non-steady state leaf 
water enrichment model. Chapter 2 thus addresses questions 1 and 2 in the species 
Lupinus angustifolius, an annual legume commonly grown as a grain crop in Western 
Australia. 
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In Chapter 3, I present measurements of phloem sap sugar concentrations and 
phloem sap sugar 13C/12C in Eucalyptus globulus, thus addressing question 3. I explain 
the relationship between phloem sap sugar concentration and phloem sap sugar 13C/12C 
in terms of correlated changes in the two parameters caused by variation in plant water 
potential. 
Chapter 4 presents measurements, under controlled laboratory conditions, of the 
180 /160 of phloem sap sugar and phloem water in relation to leaf water in Ricinus 
communis. Questions 1 and 4 are thus addressed in Chapter 4. 
In Chapter 5, I present measurements of the carbon and oxygen isotope 
composition of parasitic plants and their hosts in southwestern Australia. The plants 
sampled represent a very broad range in terms of plant fonn and function. I apply 
current models of 180 and 13C discrimination in an attempt to interpret observed 
variation in the isotope ratios, thereby addressing question 5. 
In Chapter 6, I present measurements of 180/160 of leaf water, phloe1n sugar, 
and phloem water in Eucalyptus globulus, sampled under field conditions. Results are 
applied to questions 1, 2, and 4 for a long-lived, woody plant species. These results are 
then contrasted with the results obtained in Chapters 2 and 4 for Lupinus angustifolius 
and Ricinus communis. 
Finally in Chapter 7, I present measurements and a model of the oxygen isotope 
composition of carbon dioxide respired in the dark by leaves of Ricinus communis. 
Chapter 7 thus addresses question 6. 
1.5. Publications 
Chapters 2 to 5 represent manuscripts that have been published, or are in press, in peer-
reviewed journals. These publications are detailed below: 
Chapter 2: Cernusak LA, Pate JS, Farquhar GD (2002) Diurnal variation in the stable 
isotope composition of water and dry matter in fruiting Lupinus 
angustifolius under field conditions. Plant, Cell & Environment 25:893-907 
Chapter 3: Cernusak LA, Arthur DJ, Pate JS, Farquhar GD (2003) Water relations link 
carbon and oxygen isotope discrimination to phloem sap sugar 
concentration in Eucalyptus globulus . Plant Physiology 131: 1544-1554 
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Chapter 4: Cernusak LA, Wong S-C, Farquhar GD (2003) Oxygen isotope composition 
of phloem sap in relation to leaf water in Ricinus communis. Functional 
Plant Biology 30: 1059-1070 
Chapter 5: Cernusak LA, Pate JS, Farquhar GD (in press) Oxygen and carbon isotope 
composition of parasitic plants and their hosts in southwestern Australia. 
Oecologia 
Chapters 6 and 7 represent manuscripts that are in the final stages of revision before 
being submitted to peer-reviewed journals for publication. 
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Chapter 2: Diurnal variation in the stable isotope 
composition of water and dry matter in fruiting Lupin us 
angustif olius under field conditions 
2.1. Abstract 
In this chapter, I present an integrated account of the diurnal variation in the 
stable isotopes of water (8D and 8180) and dry matter (815N, 813C, and 8180) in the 
long-distance transport fluids (xylem sap and phloem sap), leaves, pod walls, and seeds 
of Lupinus angustifolius under field conditions in Western Australia. The 8D and 8180 
of leaf water showed a pronounced diurnal variation, ranging from early morning 
minima near 0%o for both 8D and 8180 to early afternoon maxima of 62%0 and 23%0, 
respectively. Xylem sap water showed no diurnal variation in isotopic composition and 
had mean values of -13.2%0 and -2.3%0 for 8D and 8180. Phloem sap water collected 
from pod tips was intermediate in isotopic composition between xylem sap and leaf 
water and exhibited only a moderate diurnal fluctuation. Isotopic compositions of pod 
wall and seed water were intermediate between those of phloem and xylem sap water. 
A model of average leaf water enrichment in the steady state (Craig and Gordon 1965; 
Dongmann et al. 1974; Farquhar and Lloyd 1993) agreed closely with observed leaf 
water enrichment in the morning and early afternoon, but poorly during the night. A 
modified model taking into account non-steady state effects (Farquhar and Cernusak, 
unpublished) gave better predictions of observed leaf water enrichments over a full diel 
cycle. The 815N, 813C, and 8180 of dry matter varied appreciably among components. 
Dry matter 815N was highest in xylem sap and lowest in leaves, whereas dry matter 813C 
was lowest in leaves and highest in phloem sap and seeds, and dry matter 8180 was 
lowest in leaves and highest in pod walls. Phloem sap, leaf, and fruit dry matter 8180 
varied diurnally, as did phloem sap dry matter 813C. Results demonstrate the 
importance of considering the non-steady state when modeling biological fractionation 
of stable isotopes in the natural environment. 
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2.2. Introduction 
There is currently major interest in understanding the role of plants in the global 
carbon cycle (Prentice et al. 2001 ), and it has already become evident that small 
variations in the natural abundances of the stable isotopes of C, N, 0, and H can provide 
unique insights into the processes controlling carbon uptake and release from vegetation 
· (Griffiths 1998). However, meaningful interpretation of isotopic data requires a sound 
understanding of the biological fractionation of stable isotopes over relatively short time 
periods and between the component parts of a plant. 
It is well known, for example, that the water contained in leaves becomes 
enriched in the heavy isotopes of O and H (180 and D) during transpiration. Theory has 
been developed to account for such enrichments ( Craig and Gordon 1965; ·Dongmann et 
I "• 
al. 1974; Farquhar and Lloyd 1993). The organic matter of plants partly reflects the 180 
enriclunent of leaf water, essentially by tracking and integrating differences in 180 
signals generated under varying evaporative conditions and transpiration rates during 
the growth of the plant (Barbour and Farquhar 2000). The same oxygen isotope signal 
of leaf water is also reflected in the portion of gaseous CO2 which, having entered into 
leaves via stomata, then diffuses back out again without being captured by 
photosynthetic enzymes. This enrichment in the 180/160 ratio of atmospheric CO2 by 
plants has important implications for estimating carbon fluxes between the biosphere 
and the atmosphere (Farquhar et al. 1993). Finally, the 180 /160 ratio of leaf water is 
also recorded in the gaseous 0 2 that is evolved during photosynthesis, and variations in 
180/160 of atmospheric 0 2 provide a basis for constructing historic estimates of 
terrestrial and marine productivity (Bender et al. 1994). 
. 
The heavier isotope of carbon (13C) is discriminated against during 
photosynthesis, with the degree of discrimination depending in part on the type of 
photosynthetic pathway (Bender 1968). In C3 plants, the fractionation correlates 
positively with the gaseous concentration ratio between intercellular and ambient CO2 
(Farquhar et al. 1982), and thereby negatively with plant water use efficiency (Farquhar 
and Richards 1984). Extents of discrimination against 13C also differ when CO2 is fixed 
by terrestrial versus marine organisms (Francey et al. 1995), and to a lesser extent 
among different classes of terrestrial ecosystems (Lloyd and Farquhar 1994, Bowling et 
al. 2002). Consequently, 13C discrimination can be an important parameter in global 
and ecosystem carbon budgets. Since assimilated carbon can cycle through plants and 
ecosystems in different ways before returning to the atmosphere, detailed consideration 
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of daily and seasonal fractionation events taking place within plants becomes important 
when constructing carbon budgets based on 13C/12C ratios. 
The availability of nitrogen in an ecosystem plays an important role in 
determining ecosystem productivity (Vitousek and Howarth 1991 ), and related natural 
abundance ratios for 15N/14N in soil and plant components have been shown to comprise 
potentially useful integrators of the types and turnover rates of nitrogen cycling 
involved (Robinson 2001 ). Yet again, understanding is required of how isotopic 
fractionations of nitrogen are mediated during daily transformation and transport events, 
from initial assimilation right through to incorporation into specific organic components 
of different plant organs. 
In this investigation, I set out to understand more fully the biological 
:fractionations of these stable isotopes which occur during the functioning of a plant 
under field conditions, where environmental para1neters vary considerably with time of 
day and plants adjust accordingly in terms of their gaseous exchanges and partitioning 
processes. I specifically report on daily variation in the stable isotopes of C, N, 0 and 
H in the water and dry matter of xylem, phloem, leaves, and fruits of lupin, a legume 
commonly grown as a grain crop in Western Australia, and already subject to extensive 
earlier studies on the carbon, nitrogen, and water economies of fruits under both 
glasshouse and field conditions (Pate et al. 1977; Pate et al. 1980; Pate et al. 1985). 
2.3. Materials and Methods 
2.3.1. Study site 
The study was conducted on a uniform stand of Lupinus angustifolius L. var. 
Tangil grown as part of a breeding trial at the Mount Barker Research Station 
(34°38'02" S, 11 7°32' 00" E). This facility is operated by Agriculture Western 
Australia and is located approximately 20 km from the township of Mount Barker, 
Western Australia. The crop was sown on June 6, 2000. All measurements and sap and 
bio1nass coll ections were undertaken during November 1 and 2, 2000 when fruits were 
well-developed and esti1nated to be approximately one month away from harvest 
maturity. 
2. 3. 2. Gas-ex change 1neasuren1ents 
Gas exchanges of source leaves and filling fruits on main stems were monitored 
at one- to two-hour intervals during the 26-hour study period, except during the night 
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when dew was present on leaves and atmospheric vapor pressure approached saturation 
(Figure 2.1 ). Fluxes of CO2 and water vapor during daylight were measured using an 
LCA 4 Portable Gas Exchange System (ADC BioScientific Ltd, Hertfordshire, 
England). Approximately 5 cm2 of leaf or pod surface (two to three leaflets or one to 
two fruits) were detached and immediately placed inside the gas exchange cuvette and 
measurements were repeated on eight to ten such sets of leaflets or fruits at each 
sampling time. Measurements were completed within approximately five minutes of 
detachment. No decline in gas exchange rates following detachment was observed 
within this time period. 
Ambient air temperature and relative humidity were measured periodically 
throughout the experiment using a Vaisala temperature and humidity probe (V aisala 
Inc., Helsinki, Finland). Leaf and pod temperatures were measured concurrently on 
three to six leafl~ts or pods using a O .13 mm diameter chromel-constantan thermocouple 
(Omega Engineering, Stamford, Connecticut, USA). 
2.3.3. Sample collections 
Xylem sap and phloem sap were sampled at one- to two-hour intervals 
throughout the 26-hour study period commencing at 0900. Xylem sap was collected 
from the lower main stems of 10 individuals at each sampling time using the mild-
vacuum extraction technique developed by Jeschke & Pate (1995) and Pate, Jeschke & 
Aylward (1995). Phloem sap was obtained by cutting the distal tips of 30-50 fruits and 
immediately collecting the exudate (Pate et al. 1974). - Sap samples from individual 
plants were pooled to form bulk samples (5-10 mL for xylem sap, 30-50 µL for phloem 
sap) from each sampling time, and samples were immediately decanted into sealable 
tubes and frozen at -20°C. Sucrose concentrations of phloem sap were measured at the 
time of collection using a hand-held refractometer (Pate et al. 1998). Refractometer 
readings were corrected for the presence of amino acids and amides by measuring the 
nitrogen concentration of each phloem sap dry matter sample and by assuming amino 
acids and amides were present in similar proportionality profiles to those recorded 
previously for phloem sap of lupins (Pate et al. 1974; Sharkey and Pate 1976). 
Combined amino acid and amide concentration estimates ranged from 19 to 28 g L -1, 
similar to those values previously recorded (Pate et al. 1974; Sharkey and Pate 1976). 
Leaves, pod walls, and seeds were collected for isotopic analysis of tissue water 
and dry matt.er at the same time when xylem sap and phloem sap were being collected. 
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Ten leaflets were randomly selected at each time of sampling and placed in gas-tight 
collection vials before being frozen. Four to six fruits were similarly collected and their 
pod walls quickly separated from seeds. Sets of samples were collected in duplicate; 
one randomly allocated for tissue water extraction and 8D and 8180 analyses, the other 
for analyses of 813C, 8180, and 815N in dry matter. The relative water content (RWC) of 
the leaves collected for dry matter analyses was determined by dividing the difference 
between fresh and dry weights ~y fresh weight. Leaf area was determined with a Li-
Cor leaf area meter (Li-Cor Inc, Lincoln, NE, USA), thus enabling data to be expressed 
in terms of areal concentrations of water within the leaf samples. 
I am aware of the substantial alterations in isotope signals of water which can 
occur during exposure of liquid interfaces to the atmosphere and of the errors which 
such alterations might introduce when interpreting data. For xylem sap samples, the 
mild vacuum extraction technique involved an entirely sealed system which siphoned 
tracheal fluid progressively into a tube of 5 to 10 ml volume over a period of a few 
seconds. Samples were then removed from the collection apparatus and immediately 
decanted into sealable vials. For phloem sap samples, evaporation from exuding 
droplets was minimized by immediately attracting them (within 5 seconds) into micro-
capillary tubes that have extremely small exposed-liquid-surface : volume ratios. The 
contents of the capillaries were then expelled into small-volume vials (0.1 ml) that were 
sealed except in the few seconds when additional samples were introduced. In the case 
of plant tissue samples, transfer within seconds from plants into sealed tubes would be 
expected to virtually eliminate the opportunity for evaporative enrichment of water 
isotope ratios during harvest. All samples were immediately frozen at the field site 
following collection and remained frozen until isotopic analyses were conducted. 
To test the possible extent to which evaporative enrichment of water isotope 
ratios might have occurred during the brief exposure of samples to the atmosphere 
during sap collection, I performed regression analyses of the 8D and 8180 of xylem sap 
samples against the vapor pressure deficit at the time of sap collection. 
deficits ranged from 0 to 28 mbar over the course of the study. 
composition of the xylem sap samples had been markedly altered 
Vapor pressure 
If the isotopic 
by evaporative 
enrichment during sap collection, one would expect the isotopic composition of the 
samples to correlate with the vapor pressure deficit ( and therefore the evaporation rate) 
at the time of collection. I observed no relationship between xylem sap isotopic 
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composition and vapor pressure deficit (P=0.22 for 8180; P=0.65 for 8D), suggesting 
that the sap samples were not affected by evaporative enrichment during sap collection. 
2.3.4. Isotopic analyses 
Tissue water was extracted from leaves, pod walls, and seeds by azeotropic 
distillation with toluene (Revesz and Woods 1990). Traces of toluene remaining in the 
water following the distillation were removed by adding wax to the water and warming 
the water to the melting point of the wax. The 8180 of the water samples extracted from 
leaves, pod walls, and seeds was . measured by a continuous-flow isotope ratio mass 
spectrometer (CF-IRMS) (Micromass Isochrom-EA, Manchester, UK) following 
pyrolysis in a Carlo Erba elemental analyzer (CE Instruments, Milan, Italy) (Farquhar et 
al. 1997). Xylem water 8180 was similarly measured by this technique. The oxygen 
isotope ratio of phloem sap water was determined using a method recently described by 
Gan, Wong & Farquhar (in press) for the determination of the 8180 of the water 
component of a homogeneous mixture of water and dry matter. In this procedure, the 
8180 of one aliquot of phloem sap solution was measured by pyrolysis. A second 
aliquot of sap was then evaporated overnight at 60°C, and the resulting dry matter 
component assayed for 8180. Isotope composition of the water in the original sap 
sample was then estimated by mass balance. 
Hydrogen isotope ratios of water samples were measured in Perth using a CF-
IRMS system (Delta Plus XL, Finnigan Mat, Bremen, Germany) incorporating an 
elemental analyzer with pyrolysis reactor (Thermoquest PYRO/EA, Finnigan Mat, 
Bremen, Germany). For phloem sap water 8D, the phloem sap remaining after the 8180 
analyses was distilled cryogenically under vacuum to collect water separately from dry 
matter. The 8D of the phloem water was then determined as for the other water 
samples. 
The 815N and 813C of xylem sap and phloem sap dry matter were determined by 
CF-IRMS using the Perth-based ANCA combustion system (PDZ Europa Ltd, 
Cheshire, UK) coupled to a dual-inlet mas·s spectrometer (SIRA9, VG Isogas, Cheshire, 
UK). The 815N and 813C of leaf, pod wall, and seed dry matter were determined by CF-
IRMS with an Isochrom mass spectrometer (Micromass, Manchester, UK) coupled to a 
Carlo Erba elemental analyzer (CE Instruments, Milan, Italy) housed at the Australian 
National University. 
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The 8180 of leaf, pod wall, and seed dry matter was determined using the 
method described by Farquhar et al. (1997). Xylem sap dry matter 8180 was similarly 
determined after evaporation of sap water at 60°C. Isotope ratios were expressed using 
delta (8) notation with respect to the standards of air for nitrogen, Pee Dee Belemnite 
for carbon, and Vienna Standard Mean Ocean Water for oxygen and hydrogen. Carbon 
isotope ratios were converted to discrimination values (~) (Farquhar et al. 1989a) by 
assuming an isotopic composition for atmospheric CO2 of -7 .8%0. 
I tested for differences between isotope ratios of various dry matter components 
using analysis of variance. If significant differences were detected, Tukey' s method 
was used for pair-wise comparisons. Statistical analyses were conducted in SYSTAT 
9.0 (SPSS Inc, Chicago, IL, USA). 
2.3.5. Modeling leaf water isotopic enrichment 
Observations of the isotopic enrichments of leaf water over that of source water 
(~180 or ~D for oxygen or hydrogen, respectively) were compared to the predictions of 
steady state and non-steady state models. Steady state isotopic enrichment at leaf 
evaporative sites (~es) was modeled as described previously (Craig and Gordon 1965; 
Dongmann et al. 1974; Farquhar et al. 1989b) using the expression 
(2.1) 
where Ef¥" is the equilibrium fractionation factor between liquid and vapor, ck the kinetic 
fractionation that occurs during diffusion from the leaf to the atmosphere, ~ v the 
isotopic discrimination between atmospheric vapor and source water (i.e. ~v=Rvf R5-l ; 
Rv= 180 i1 6O or DIH of vapor and Rs= 18O/ 16O or D/H of source water), and ealei the ratio 
of ambient to intercellular vapor pressures. The Ef¥" was estimated using the regression 
equations of Bottinga and Craig (1969) for oxygen and Majoube (1971) for hydrogen. 
The ck was calculated for oxygen according to the equation (Farquhar et al. 1989b) 
_ 28r5 + 19rb ck - --------=--- ' (2.2) 
where rs and rb are the sto1natal and boundary layer resistances for diffusion of water 
vapor in air. The coefficients 28 and 19 in the above equation represent discrimination 
factors (scaled to per mil) for the respective diffusions of H2180 through stomata 
(Merli vat 1978) and leaf boundary layer (Farquhar et al. 1989b ). The corresponding 
coefficients used for calculating ck for HDO were 25 and 17. 
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I predicted the average steady state leaf water enrichment from the estimated 
enrichment at the evaporative sites using the following formula (Farquhar and Lloyd 
1993): 
(2.3) 
The g;y is a dimensionless number termed the Peclet number which is defined as 
ELI( CD), where E is transpiration rate, L a scaled effective path length, C the molar 
concentration of water, and D the diffusivity of H218O or HDO in water. 
The steady-state model of isotopic enrichment at the evaporative sites can then 
be further modified to take into account non-steady state effects (Farquhar and 
Cemusak, unpublished) as follows: 
Li en = Li es -
' 
(2.4) 
where Lien is the non-steady state enrichment (%0 ), W the leaf water concentration (mol 
m-
2), t time (s), g total conductance of stomata plus boundary layer (mol m-2 s-1), and wi 
the mole fraction of water vapor in the leaf intercellular spaces (mol mor1). By 
analogy, the average leaf water isotopic enrichment in the non-steady state (LiLn) can be 
modeled as 
LiLn = Li Ls - (2.5) 
Equations (2.1) through (2.5) were parameterized to develop steady state and 
non-steady state predictions of evaporative site and average leaf water isotopic 
enrichment. For equation (2.2), &k was estimated using gas exchange data; estimates of 
boundary layer conductance were based on measurements of average leaf dimensions 
and wind speed at the adjacent weather station (Mount Barker, Western Australia). I 
estimated Liv by assuming that atmospheric water vapor was in isotopic equilibrium at 
the mean daily temperature with source water as inferred from measurements of the 
isotopic composition of xylem sap water. Values for ea! ei were estimated from 
measurements of relative humidity, air temperature, and leaf temperature. Transpiration 
rates from the gas exchange measurements conducted during daylight hours were used 
in equation (2.3). In the same equation, I assumed a scaled effective path length of 8 
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mm (Flanagan et al. 1994). Equations (2.4) and (2.5) were solved iteratively using the 
Solver function in Microsoft Excel and assuming starting values for L'1en and L'1Ln of 15%0 
and 40%0 for oxygen and hydrogen at 0930 on day 1 (the start of the study). Values for 
W and g were measured during the day. At times in the night when gas exchange 
measurements were not possible, I assumed a g of 75 mmol m-2 s-1. The predicted 
enrichment values were compared to observed enrichment values (/10 ), calculated as 
L'1 =60-6S 
0 6S + l ' 
(2.6) 
where 80 is the observed 8D or 8180 of leaf water, and 8s is the 8D or 8180 of source 
water. 
The relationship between the enriclunents of 8D and 8180 provides an additional 
means of evaluating predictions made from the models. Theoretical predictions of 8D-
8180 slopes in leaf water have been compared to measured values in earlier studies 
(Allison et al. 1985; Walker et al. 1989; Yakir et al. 1990; Walker and Lance 1991), but 
by using equations (2.1) to (2.5), this approach can be extended to include kinetic 
fractionation of the boundary layer outside the stomata, the differential diffusivities of 
HDO and H2 180 in water, and non-steady state effects. For a series of measurements 
under varying conditions, · a regression line can be drawn through the points yielding a 
slope and intercept in /1D-/1180 space. The slope of such a line is sensitive to changes 
or errors in the estimate of atmospheric vapor isotopic composition, and so should 
provide a 1neans of validating assumptions relating to isotopic equilibria between source 
water and atinospheric vapor. I tested for discrepancies between regression slopes 
stemming fro1n 1nodeled versus 1neasured data using analysis of covariance in SYSTAT 
9.0 (SPSS Inc, Chicago, IL, USA). 
2.4. Results 
2.4.1. Gas-exchange 
As expected during the approach to summer in a mediterranean environment, 
large diel variations in ambient air te1nperature and relative humidity occurred (Figures 
2. lA and 2.1 B). Air temperature varied 1narkedly, peaking near 27°C in mid-afternoon 
and then falling below 8°C at night. Relative humidity decreased during the day to near 
20% by afternoon, but then recovered fully to 100% early in the night. 
The highest photosynthetic rates of source leaves occurred in the early morning 
(Figure 2.1 C) followed by a progressive decrease during the rest of the morning through 
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to mid afternoon. As leaf-to-air vapor pressure deficits moderated in the late afternoon 
a second, albeit smaller, peak in photosynthesis occurred. A negative linear correlation 
existed between mean leaf photosynthetic rates and vapor pressure deficit (R=-0.75, 
P=0.01, n=l 0), presumably reflecting increasingly reduced stomatal conductance under 
increasing water stress. Intact whole fruits exhibited slight net gaseous gains of carbon 
early in the mornings, but incurred continuous net losses of CO2 for the remainder of 
the day. However, since these losses were consistently less during the day than after 
dark, pod wall photosynthesis appeared capable of significant refixation of CO2 respired 
to the fruit interior by the seeds. Transpiration losses of leaves and fruits tended to be 
greater in the morning and early afternoon than in late afternoon, again indicating 
progressive decreases in stomatal conductances during the day (Figure 2.1D). 
As to be expected, leaf R WC decreased during the morning hours when 
transpiration rates were highest, reaching a minimum in the early afternoon (Figure 
2.2A). It then increased until the following morning as the water balance of leaves was 
progressively restored. The sucrose concentration of phloem sap increased throughout 
the morning with a sharp peak at 0.38 mol L-1 in the early afternoon (Figure 2.2B) 
preceding a steady decline until the following morning. Although apparently 
diminishing through the night, phloem sap sucrose concentration did not fall below 0.30 
mol L-1, despite photosynthesis having ceased many hours earlier. A negative 
relationship was observed between daytime phloem sap sucrose concentration and leaf 
photosynthetic rates (R=-0.72, P=0.02, n=l 0), namely the opposite of what one might 
expect if the current rate of sugar production in · photosynthesis were directly 
determining sap concentration. Phloem sap sugar concentration was also negatively 
correlated with leaf RWC (R=-0.85, P<0.0001 , n=l5) and positively correlated with 
atmospheric vapor pressure deficit (R=0.73, P=0.002, n=l5). 
2.4.2. Isotopic composition of dry matter components 
The 815N values of bulk dry matter of transport fluids, leaves, and fruits changed 
only marginally during the day. But as seen from the mean values given in Figure 
2.3A, the organic matter of fruits and especially leaves was consistently more depleted 
15 
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in 15N than that of either xylem sap or phloem sap. Of the transport fluids, phloem sap 
was depleted in 15N by more than 1 %0 compared to xylem sap. 
The corresponding mean 813C values for dry matter components showed phloem 
sap to be less negative than xylem sap (Figure 2.3B). As to be expected from earlier 
studies showing phloem dominated import of organic solutes by lupin fruits, seed dry 
matter showed a carbon isotope ratio conforming more closely to that of phloem sap dry 
matter than xylem sap dry matter. The 813C of pod-wall dry matter was about 1 %0 more 
negative than that of seed dry matter, whereas 813C of source leaves was 3%o more 
negative than that of seeds. The 813C values for samples of phloem sap dry matter 
collected through the study were positively correlated with sucrose concentration for 
samples taken during daylight hours (Figure 2.4). However, 813C values did not show a 
significant correlation with sucrose concentration for those few sap collections made at 
night (Figure 2.4) . 
Mean oxygen isotope ratios differed amongst all dry matter components with the 
exception of the similar values recorded for phloem sap and seeds (Figure 2.3C). The 
values ranked somewhat similarly in relative magnitude to those mentioned above for 
813C, with leaf dry matter least enriched, pod wall dry matter most enriched, and mean 
values for phloe1n sap, xylem sap, and seeds intermediate between leaves and pod walls. 
Marked fluctuations were observed in time courses for 8180 in dry matter for both 
phloem sap (Figure 2.5A) and leaves (Figure 2.5B). Thus, dry matter of phloem sap 
was least enriched in the mo111ing, increased in the afternoon, and then remained 
enriched throughout the night before decreasing again the following morning. The 8180 
values for leaf dry matter also increased in the morning, but then decreased throughout 
the night before increasing the following morning. Diel changes in 8180 of pod-wall 
and seed dry 1natter (Figure 2.5C) were similar to, but less pronounced, than those for 
leaves. 
2.4.3. Isotopic coniposition of water components within the system 
A strong diel variation was observed in the oxygen and hydrogen isotope ratios 
of leaf water (Figures 2.6A and 2.6B), encompassing maxima of 23%0 and 62%0 
respectively in the early afternoon, followed by almost linear decreases in both entities 
to well defined minima near 0%o just before sunrise. By contrast, xylem water, 
presu1nably recently accessed from the soil by roots, showed no appreciable diel 
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variation in either 8180 or 8D with values fluctuating only marginally around means of 
-2.3%0 and-13.2%0, respectively. 
Phloem sap water generally showed 8180 and 8D signatures intermediate 
between current values for leaf water and xylem sap water (Figures 2.6A and 2.6B), and 
the moderate diurnal variations shown for phloem sap water lagged slightly behind 
those for bulk leaf water. Maximum phloem sap water isotope ratios were 15.2%0 for 
8180 and 48%0 for 8D, with minimum values of 7.6%0 and 19.8%0, respectively. 
Isotopic compositions (8180 and 8D) differed only slightly in water of pod walls 
and seeds, showing relatively slight diurnal fluctuations encompassing a range of values 
intermediate between those for water in phloem sap and xylem sap (Figures 2.6A and 
2.6B). Mean values of 8180 were 6.6%0 for pod-wall water and 6.9%0 for seed water, 
while mean values of 8D were 12.3%0 for the same components. 
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Figure 2. 7. Relationship between hydrogen and oxygen isotope ratios for various 
water components sampled over a 26-hour period from Lupinus angustifolius grown in 
Western Australia. Also shown is the local meteoric water line for precipitation in 
Perth, Western Australia. 
When 8180 and 8D values for all water components were matched against each 
other, the data resolved as a single regression line with a slope of 3 .1 (Figure 2. 7). 
Slopes and intercepts were not appreciably altered when xylem sap water was included 
in or excluded from the analyses (P=0.55 for slope; P-0.81 for intercept). However, as 
seen in the itemized data points of Figure 2.7, the slope of the regression line relating 
specifically to leaf water differed significantly (P=0.005) from that drawn through data 
for both leaf water and xylem sap water. Figure 2. 7 also shows that 8D values for 
xylem sap water fall slightly below those predicted by the local meteoric water line, 
8D=7.3*8180+11.1 (Townley et al. 1993), for Perth, Western Australia (420 km north 
of Mount Barker). Based on the observed 8180 of xylem sap water,- the predicted 8D 
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for precipitation water would be -5.7%0, which can then be compared to the observed 
value of-13.2%0 for 8D of xylem sap water entering shoots from roots of lupin plants. 
Predictions from steady state and non-steady state leaf water models for 
evaporative site and average leaf water enrichment (~180 and ~D) are detailed in Figure 
2.8. For 180 enrichment, the steady state prediction of water at the site of evaporation 
(~es) was generally exceeding that actually observed for bulk leaf water during the 
course of the day, but was much lower than that shown by leaf water at night (Figure 
2.8A). The steady state prediction of average leaf water (~Ls) for 8180 was close to that 
observed during the day, particularly in the morning and early afternoon. As 
transpiration eased off in the late afternoon and evening, the ~Ls prediction converged 
with the ~es prediction. Non-steady state predictions of the site of evaporation and 
average leaf water 180 enriclnnent were close to observed 180 enrichments through the 
diel cycle. The ~Ln was consistently less than the ~ en with the magnitude of difference 
between the two being noticeably larger at times of high transpiration and lower at 
times of low transpiration. Patterns of the predictions from the various 1nodels for ~D 
were qualitatively similar to those for ~ 180, but tended to be shifted down relative to 
observed enrichments. 
The slopes and intercepts of the regression lines drawn in ~D-~ 180 space are 
presented in Table 2.1. The regression slope of the ~ es predictions differed slightly 
from that of the ~Ls predictions (P=0.03), reflecting the different diffusivities of HDO 
and H2180 in water [i.e., 2.34*10-9 1n2 s- 1 for HDO compared to 2.66*10-9 m2 s- 1 for 
H2180 (Wang, 1954)]. Thus, taking the Peclet effect into account results in a slightly 
lower regression slope. However, the difference was small, judging from the overlap in 
the 95% confidence intervals around the two estimates. The inclusion of non-steady 
state effects had a negligible influence on the predicted regression slopes for both 
evaporative site enrichment and average leaf water enrichment (P=0. 73 for ~en; P=0.82 
for ~ Ln ). The ~D-~180 regression slope of the observed enrichment (~0 ) was higher 
than the predicted slopes for both ~ es and ~Ls (P-0.003 for ~ es; P<0.00 l for ~Ls)-
Results were similar when non-steady state effects were taken into account (P=0.02 for 
~ en ; P=0.009 for ~ Ln ). 
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Figure 2.8. Comparison of modeled and observed (A) oxygen and (B) hydrogen isotope 
enrichment in leaf water of Lupinus angustifolius. Nighttime hours are shaded. 
Symbols are as follows: predicted steady state evaporative site enrichment (L1es); 
predicted non-steady state evaporative site enrichment ( L1en),· predicted steady state 
average leaf water enrichment ( L1Ls) ,· predicted non-steady state average leaf water 
enrichment (L1Ln); and observed enrichment (L10). 
... .-· 
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Table 2.1. Slopes and intercepts for L1D-L118O leaf water isotope enrichment 
relationships f rom model predictions and observations, and their respective 9 5% 
confidence intervals. Symbols are as follows: predicted steady state evaporative site 
enrichment (Lies) ; predicted non-steady state evaporative site enrichment (Lien); 
predicted steady state average leaf water enrichment ( L1Ls); predicted non-steady state 
average leaf water enrichment (L1Ln); and observed enrichment (L10). 
95% confidence limits 95% confidence limits 
slope lower upper intercept lower upper 
Lies 2.35 2.30 2.40 11.80 10.82 12.77 
Lien 2.33 2.27 2.39 11.83 10.77 12.89 
.6Ls 2.26 2.20 2.32 11.48 10.44 12.52 
.6Ln 2.25 2.18 2.32 11.43 10.31 12.55 
Lio 2.73 2.39 3.08 7.49 1.54 13.44 
2.5. Discussion 
This study represents an integrated account of diel variations in stable isotope 
ratios of O and H in water and C, N, and O in dry matter of translocation streams and 
source and sink organs of the grain legume Lupinus angustifolius. Sampling fruiting 
plants over a full diel cycle, 8180 and 8D of the rapidly exchanging water of transpiring 
leaves and phloem sap were shown to fluctuate through the day to· a much greater extent 
than the bulk tissue water of less actively transpiring pod walls and essentially non-
transpiring seeds. As to be expected, soil-derived source water moving up from the 
roots, and intercepted as stein xylem sap, showed highly consistent 8180 and 8D signals, 
indicating that diurnal oscillations observed for plant components emanated from 
fractionation processes within rather than outside the plant. Diel variations in isotope 
composition were also observed in the 8 13C and 8180 of phloem sap dry matter, and in 
the 8180 of leaf and fruit dry 1natter, but not in the 813C of bulk dry matter components 
other than phloem sap. The data collectively indicated complex fractionation and 
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mixing phenomena geared principally around diurnal changes in rates of transpiration 
and CO2 exchange by leaves and pod walls. Parallel observations of 815N in transport 
and source and sink components indicated consistently maintained differences in 
isotopic composition, probably related to fractionation processes during mixing of fixed 
atmospheric and soil derived nitrogen, and therefore only marginally related to the 
processes alluded to above. In the following sections the principal findings will be 
discussed in further detail. 
2. 5. 1. Isotopic composition of water components within the system 
In those few studies in which both 8180 and 8D of leaf water have been assessed 
simultaneously under field conditions (Allison et al. 1985; Bariac et al. 1989; Bariac et 
al. 1990; Y akir et al. 1990; Walker and Lance 1991; Flanagan et al. 1993; Bariac et al. 
1994), the diurnal patterns of enrichment have typically shown mid-afternoon maxima 
and early morning minima in composition of both isotopes. My present data conform to 
this general pattern. The use of a steady state model for average leaf water enrichment, 
represented by equations (2.1) to (2.3), resulted in reasonably accurate predictions of 
leaf water 8180, and to a lesser extent 8D, during times when the evaporative flux term 
gwi was relatively large. However, as gwi decreased in the afternoon and on through the 
night, the discrepancy increased between observed values and those predicted by the 
steady-state 1nodel. I conclude that in modeling exercises in which nighttime leaf water 
enrichment is an important component, such as when evaluating components of dark 
respiration of ecosystems (Flanagan et al. 1997; Flanagan et al. 1999), it will be 
necessary to adjust for potential errors related to assuming steady-state isotopic 
enrichment. Yakir (1998) has addressed this problem, and a recent further extension of 
the approach by Farquhar and Cernusak (unpublished) indicates that the correction for 
non-steady state effects is much more influenced by changes in fi en and l1Ln [see 
equations (2.4) and (2.5)] than by changes in W. For example, in the present study, 
proportional changes in W over the diurnal cycle were only about 10% (Figure 2.2A), 
whereas the fi en and l1Ln changed by nearly 80% (Figure 2.8). 
I believe that the data summarized in Figure 2.6 represent the first measurements 
of the stable isotope composition of water collected from phloem bleeding sap. Adar et 
al. (1995) reported 8180 values for phloem water of tamarisk using a collection 
technique involving vacuum distillation of tissues from stems and roots. The latter 
technique could result in contamination of water samples from components other than 
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translocating cells. Data from the above study suggested that 180 enriched phloem 
water could be detected in tamarisk roots up to 12 m below the soil surface. In the 
present study, based on phloem sap water exuded from cut tips of lupin fruits, variation 
in 8180 and 8D over a diurnal cycle encompassed a range of values intermediate 
between those of leaf water and xylem water. However, water of the phloem stream 
appeared slightly more enriched than leaf water in the very early morning, probably 
reflecting slow translocatory rates from leaf to fruit through the previous night, with 
phloem sap water accordingly reflecting earlier loading conditions when the leaf water 
was more enriched. · In any event, data for Lupinus and those mentioned above for 
tamarisk suggest that the fluid contents of the sieve tubes re1nain sufficiently isolated 
from surrounding tissue water to transmit enrichment signals from source leaves to sink 
organs such as fruits or roots to which the translocate is passing. 
Judging from earlier models of the economies of water, carbon, and nitrogen of 
lupin fruits (Pate et al. 1977; Pate et al. 1985), water accumulated in pod walls and 
seeds should be derived from water entering through both phloem and xylem. 
Measurements of water isotopes recorded here confirm this suggestion, although the 
large water content of the fruit tissues appears to effectively buffer fruit water against 
the relatively large diurnal fluctuations concurrently recorded in 8180 and 8D of the leaf 
water (Figure 2.6). Complications due to fractionation during transpiration of pods are 
to be expected, but were difficult to resolve in the present study. 
Plotting of hydrogen and oxygen isotope ratios of different plant water 
components recorded through the diel cycle produced a single 1nixing line (Figure 2. 7), 
just as observed earlier for water in the stem, sheath, and various leaves of barley plants 
on a single occasion at midday in South Australia (Walker and Lance 1991). The 
resulting regression line drawn through all water components for lupin intersected 
almost perfectly that of incoming xylem water, as to be expected if the variations in 
enrichment among phloem and sink tissues resulted specifically from the mixing of 
enriched leaf water with un-enriched xylem water (see also Yakir et al. 1990; Yakir et 
al. 1994b ). In my analysis, the regression line based solely on values for leaf water 
intercepted the meteoric water line slightly above the xylem sap water. Dealing more 
generally with soil-plant-atmospheric systems, Bariac et al. (1994) found that plots of 
leaf water 8D against 8180 varied in slope according to whether samples were collected 
during the day or night. However, this effect did not appear as a feature that could be 
resolved in the present data set. 
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Theory relating to the enrichment for 8D relative to that for 8180 has been 
discussed for water in lakes by Gat (1971 ), and for the water in leaves by subsequent 
authors (Allison et al. 1985; Walker et al. 1989; Yakir et al. 1990; Walker and Lance 
1991 ). In the simplest scenario, where atmospheric vapor remains in equilibrium with 
source water, the expression denoting the slope (S) of the relative enrichments of 8D 
and 8180 at evaporative sites simplifies from S [~+&k+(.6v-&k)ealei]H/[~+&k+(~v-
&k)ealei]o to S (~+&k)H/(~+&k)o, where the subscripts H and O denote fractionation 
factors for 8D and 8 180, respectively (Gat 1971; Allison et al. 1985). In this simple 
case, small variations in S will still apply at different temperatures since the quotient 
(~)H/(~)o decreases with increasing temperature, for example from 9.33 at 10°C to 
8.88 at 20°C. In contrast, the effect of the partitioning of &k between stomata and leaf 
boundary layer is negligible because the changes are proportionally very similar for 
HDO and H2 18O. Thus, for the range of boundary layer and stomata! conductances 
encountered in the present study, the quotient (ck)H!(&k)o varied only from 0.8929 to 
0.8932. Overall then, S should vary little for water at evaporative sites where 
atmospheric vapor remains in equilibrium with source water, namely an S value of 3 .20 
at 10°C versus 2.97 at 20°C. However, as noted previously, when the Peclet effect is 
taken into account the estimate for average leaf water will differ slightly from that for 
evaporative sites. 
In practice, however, there is likely to be diel variation in temperature such that 
~v will not equal -~ at all times during the diel cycle. In addition, if ea varies, identical 
values for ealei may occur at different leaf temperatures. In such cases the relative 
changes in 8D and 8 180 will differ through the day (Walker and Lance 1991). 
Moreover, although it is generally expected to be the case that atmospheric vapor is 
close to isotopic equilibrium with source water in natural systems (J ouzel et al. 1991 ), 
there may be specific situations that will not conform to this generalization (White and 
Gedzelman 1984). 
The regression slopes drawn in ~D-~18O space and listed in Table 2.1 differ 
from the slope (S) as defined by Gat (1971) in that they are drawn through several 
points collected through a diel cycle and plotted as enrichment over source water (i .e. , 
.6). For the values in Table 2.1, the modeled regression slope differed slightly from the 
observed slope, namely with a predicted value for L1Ln of 2.25 versus an observed value 
of 2. 73. This small discrepancy may have resulted from the assumption that isotopic 
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equilibrium existed between atmospheric vapor and source water. My estimate of 8180 
of water vapor, based on the equilibrium fractionation factor at the mean daily 
temperature, was -11.85%0. This is close to the mean vapor 8180 observed in Pertµ 
between July 1996 and January 1998 for measurements conducted on a semi-weekly 
basis (mean =-12.26%0, SD=l.63%0, n=56; John Rich, PhD dissertation, unpublished). 
The slight under prediction of Af) for average leaf water could then have resulted from 
an error in the estimate of atmospheric vapor 8D and this would also account for the 
discrepancy between the modeled and observed m-Li 180 slope. My equilibrium 
estimate for vapor 8D was -97.6%0, which differs from the mean value obs~rved in 
Perth of -85.0%0 (SD=10.1%o, n=l07; John Rich, PhD dissertation, unpublished). 
However, use of the mean Perth value in the Af) models resulted in larger discrepancies 
between the predicted and observed LiD-Li 180 slope and larger errors in the diurnal m 
predictions. 
The predicted steady-state evaporative site enrichment for 8180 of water in · 
transpiring leaves was larger than the observed leaf water enrichments in the morning 
and early afternoon (Figure 2.8A). Previous authors have reconciled similar _ 
discrepancies by assuming that some fraction of the water of leaves comprises un-
enriched vein water recently derived from the xylem and not yet subject to evaporation 
(Allison et al. 1985; Leaney et al. 1985; Walker et al. 1989; Walker and Lance 1991; 
Yakir 1992; Roden and Ehleringer 1999; Roden et al. 2000). In the present study, I 
took a different approach in that variations between predicted evaporative site 
enrichment and observed leaf water enrichment were partly reconciled by considering 
the Peclet and non-steady state effects. 
2.5.2. Isotopic composition of dry matter components 
The 8180 of oxygen atoms in carbonyl groups of organic molecules is influenced 
by exchange with those in surrounding free water, involving an equilibrium 
fractionation factor estimated to be +27%o (Sternberg and DeNiro 1983; Sternberg et al. 
1986). The specific possibilities for such exchanges during synthesis of sucrose have 
been outlined in detail by Farquhar, Barbour & Henry (1998), who ascribe particular 
importance to processes whereby triose phosphates are exported from chloroplasts and 
subsequently consumed in sucrose synthesis in the cytoplasm of mesophyll cells. As 
suggested by the above authors, exchange rates for oxygen atoms in triose phosphates 
are expected to be fast, so that under high rates of assimilation the equilibrium of 
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oxygen of triose molecules with cytosolic water should be completed well before their 
incorporation into sucrose. It is expected that there should be no further major 
exchanges of oxygen atoms occurring until the translocated sucrose is broken down in 
the sink tissues of the system. Consistent with this, Barbour et al. (2000b) found that 
phloem sap sucrose exported from castor bean leaves was in close isotopic equilibrium 
with predicted average leaf water. 
In the present study, I observed a relatively large diurnal variation in the 8180 of 
total leaf dry matter (Figure 2.5B), apparently indicating that carbohydrates were 
accumulated and exported with 8180 values consistently more emiched than that of the 
bulk structural dry matter of leaves. This would be expected if the 8180 signals of 
assimilated sugars were in close isotopic equilibrium with the 8180 of leaf water at the 
time of fixation. Earlier data recorded by Sharkey & Pate (1976) for lupin leaves 
showed a 15% diurnal increase from dawn to dusk in dry matter concentration, with 
about half the marked afternoon increase accountable as starch deposited in chloroplasts 
and half as sugar in the cytosol of leaf tissues. In the present study, I observed a 19% 
increase (12.3 g m-2) in dry matter concentration of leaves from predawn (64.8+ 1.5 gm-
2) to late afternoon (77.1+3.8 g m-2). This observation is reasonable considering that a 
rough integration of the photosynthetic rates shown in Figure 2.1 C suggests a daily 
fixation of 18.5 g dry matter m-2 day- 1. 
To illustrate how the accumulation and export of sucrose and starch could 
potentially alter the 8180 of total dry matter of leaves, I performed the following 
simplified calculation. I began by assuming that photosynthesis, averaged over the day, 
occurred at a leaf water value of 20%0 (Figure 2.6A). Taking the equilibrium 
fractionation between medium water and organic molecules into account, the 
assimilated sugars should then have an average 8180 value of 4 7%o. The predawn 
leaves had a total dry matter 8180 value of 28%0 (Figure 2.5B). Assuming equivalent 
oxygen concentrations between the assimilated sugars and the predawn leaf, the 
addition of 12.3 g m-2 of dry matter having an average 8180 of 47%0 would raise the 
8180 of total leaf dry matter from 28%0 to 31 %0 by the end of the day. This additional 
photosynthate would then be exported through the night and the leaf would return to its 
initial alue of 28%0 b - predawn the next day. I speculate that there may additionally 
be some rapid turnover of oxygen atoms in organic compounds not subject to export 
from the leaf that would in turn contribute to the diurnally fluctuating 8180 of total leaf 
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dry matter. The accumulation and export of enriched carbohydrates, combined with 
perturbations of this nature, would then be sufficient to account for the 4%o diurnal 
variation in total leaf dry matter 8180 that I observed for Lupinus angustifolius. It is 
worth noting, however, that such a pronounced diurnal fluctuation in the 8180 of leaf 
dry matter would probably only occur in crop plants such as lupin that have high 
photosynthetic rates, low leaf mass per area, and pronounced day/night cycles of 
carbohydrate accumulation and export. Long-lived, perennial plants that do not possess 
these traits would not be expected to show a marked diurnal fluctuation in total leaf dry 
matter 8180 , and of course no diurnal fluctuation would be expected in 8180 of leaf 
cellulose for any plant. 
Somewhat surprisingly, the 8180 signal of phloem sap sucrose collected from 
pod tips appeared closer to equilibrium with tissue water in pod walls and seeds than 
with average leaf water. One explanation would be that the phloem sap dry matter at 
the tips of fruits does not entirely comprise sucrose exported directly from leaves. 
Unfortunately, unlike Lupinus albus (Pate 1986), Lupinus angustifolius fails to bleed 
sap from leaf petioles, so it is not possible to intercept translocate immediately at its 
point of exit and thereby compare its isotopic composition with that of translocate 
collected 20 to 30 cm away in recipient fruits. 
The sucrose concentration of phloem sap collected in this study from fruits of 
Lupinus angustifolius showed a strong diurnal variation, as observed previously for 
Lupinus albus (Sharkey and Pate 1976), and Lupinus angustifolius (Hocking et al. 
1978). While correlating negatively with leaf photosynthetic rate, variations in sucrose 
concentration tracked closely with leaf water status, as affected by diurnal changes in 
leaf-to-air vapor pressw·e deficit and RWC. A response was reported previously for 
Ricinus con11nunis in which the onset of water stress was shown to induce a net increase 
in the solute content of sieve tubes, so that positive turgor pressure was maintained in 
phloem despite steeply declining water potential in the surrounding tissues (Smith and 
Milbun1 1980). 
One would expect that in any translocatory system, sugar concentrations in the 
phloem sap should increase to a threshold value at which the osmotic pressure of sieve 
tubes is sufficient to drive the translocation process . It would then follow that as water 
potentials in the surrounding tissues continue to fall, higher sugar concentrations would 
be necessary for continued functioning of the transport system. Pate et al. (1998) 
reported a strong correlation between values fo r 813 C of phloem sap sugars and 
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concurrent phloem sap sugar concentrations across a wide range of seasonal and habitat 
conditions for plantation-grown Eucalyptus globulus. This strong relationship is 
indicative of close coupling between stress and osmotically mediated parameters, 
particularly since 813C of plant photosynthate increases consistently with water stress 
(Farquhar and Richards 1984). In the present study, I observed a similar positive linear 
relationship between phloem sap sugar concentration and phloem sap sugar 813C for 
samples collected over a relatively narrow range of environmental conditions during 
daylight hours. The observed uncoupling of the relationship at night might then be 
resolved if nighttime translocate were derived, at least in part, from the mobilization of 
starch stored in leaves during previous photoperiods (Sharkey and Pate 1976; Hocking 
et al. 1978). 
The regression line relating carbon isotope discrimination to sucrose 
concentration for the daytime samples was ~ 13C=30 - 38 [sucrose] (Figure 2.4). This 
relationship suggests that ~ 13C will decrease to 4.4%0, the value expected when stomata 
are completely closed, at a sucrose concentration of 0.69 mol L-1. At 20°C, this sucrose 
concentration corresponds to an osmotic pressure of approximately 2.1 MPa (Nobel 
1999), suggesting that canopy gas exchange should cease at leaf water potentials of-2.1 
MPa, assuming no excess turgor in sieve tubes at that point. The analysis is simplified 
insofar as it ignores the osmotic pressure exerted by molecules other than sucrose in the 
phloem sap. Furthermore, there is no a priori reason to assume that the relationship 
between ~ 13C and phloem sap sugar concentration should be linear over its full range. 
More detailed analyses of this relationship could prove useful in future investigations. 
Mean differences observed in 813C values for different dry matter components of 
the Lupinus angustifolius system spanned a range of more than 3%o, with leaves most 
negati e (-27.7%0) and seeds least negative (-24.5%0). Differences of similar 
magnitude and direction between 813C of leaves and fruits have been reported for 
Glycine rnax (Yoneyama et al. 2000), Cicer arietinuni (Behboudian et al. 2000), Ricinus 
communis (Yoneyama et al. 1998), and for a range of legume species (Yoneyama and 
Ohtani 1983). In the present study, the 813C of seeds of Lupinus angustifolius matched 
almost exactly that of the phloem sap carbon, vvhereas the negative values recorded for 
dry matter of donor lea es might simply ha e resulted from the structural dry matter of 
the foliar canopy ha ing been laid down earlier in the growing season when plants were 
subject to consistently lo er water stress. A similar situation where leaves were 
reported to contribute carbon to phloem sap with less negative 813C -values than their 
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own dry matter was reported by Pate and Arthur (1998) for a study of Tasmanian Blue 
Gum (Eucalyptus globulus) carried out under essentially similar seasonal and climatic 
conditions to those experienced at Mount Barker. The above authors also showed that 
seasonal variations in carbon isotope ratios of phloem sap sugar were consistently 
reproduced in o13C values of the new dry matter laid down in shoot tissue and 
secondary xylem. It is likely that similar seasonal changes in 813C of phloem sap 
carbon of Lupinus angustifolius would be progressively recorded in the isotopic 
signatures of seed dry matter. However, one cannot for the present exclude the 
possibility of appreciable, albeit probably minor, fractionation events during export 
from leaves, translocation to fruits, and eventual conversion of sugars to dry matter. 
Pod walls of Lupinus angustifolius showed a 813C for their dry matter that was 
almost 1 %0 more negative than that of the seeds. A similar differential has also been 
observed between pod walls and seeds of Cicer arietinum (Behboudian et al. 2000). 
The gas exchange measurements made here, in conjunction with earlier studies on lupin 
fruits (Pate et al. 1977), indicate a significant refixation of seed-respired CO2 by the 
pod. Cemusak et al. (2001) recently developed theory describing carbon isotope 
discrimination during refixation in photosynthetic bark, a process presumably analogous 
to refixation in pod walls. Their model suggests that refixation should contribute 
carbon with a 813C 1nore negative than that of the respiratory carbon source. A greater 
proportional contribution of refixed carbon relative to carbon originating from source 
leaves in the dry matter of pod walls compared to seeds could then explain the 
difference in 813C between the two tissues . 
Nitrogen isotope ratios varied among dry matter components across a 
surprisingly large range (3.6%o), with nitrogen accumulated in the dry matter of leaves 
and fruits 1nore depleted in 15N than that currently flowing in the xylem and phloem. A 
si1nilar tendency for 815N of vegetative tissue to be depleted relative to incoming xylem 
815N has also been observed for other species: Ptilotus polystachyus (Pate et al. 1993), 
Triticum aestivum (Yoneyama et al. 1997), and Glycine max (Yoneyama et al. 2000). 
Between the two transport fluids of Lupinus angustifolius, phloem sap was more 
depleted in 15N than xylem sap, as similarly recorded for Ricinus communis at different 
ti1nes of plant development (Yoneyama et al. 1998), and for Triticum aestivum during 
grain filling (Yoneyama et al. 1997). In my study at Mount Barker, root systems were 
well nodulated and therefore able to feed their shoots with fixed nitrogen (815N close to 
0%o) whilst also accessing mineral nitrogen from the soil (8 15N for NO3-N recorded for 
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the site in the range of 5.3-5.5%0; J.S. Pate, unpublished data). Differential partitioning 
of fixed nitrogen to certain plant parts combined with targeting of soil derived nitrogen 
to other parts earlier in the growing season might then explain the observed differences 
in 815N between different organs of plants sampled at the fruiting stage. 
Of the stable isotope . ratios that I examined progressively through a diurnal 
cycle, some components such as 8180 and 8D in leaf water showed a pronounced and 
distinctly diurnal variation, whereas others such as 813C and 8180 in phloem sap dry 
matter sh.owed more complex oscillations, possibly reflecting fractionations associated 
with the daily sugar/starch storage · cycles of the leaves. Further insight into the effects 
of internal cycling and acquisition processes on isotopic fractionation within the source 
and sink organs of plants will undoubtedly contribute to the successful interpretation of 
multiple isotopic data sets in terms of plant performance under field conditions. 
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Chapter 3: Water relations link carbon and oxygen isotope 
discrimination to phloem sap sugar concentration in 
Eucalyptus globulus 
3.1. Abstract 
A strong correlation was previously observed between carbon isotope 
discrimination (Li13C) of phloem sap sugars and phloem sap sugar concentration in the 
phloem-bleeding tree Eucalyptus globulus Labill. (Pate et al. 1998). I hypothesized that 
correspondence between these two parameters results from co-varying responses to 
plant water potential. I expected Li 13C to decrease with decreasing plant water potential, 
and phloem sap sugar concentration to increa.se ther~by maintaining turgor within sieve 
"'- :. ';_ .. _._, ._ ~ - ; . 
tubes. The hypothesis was tested with analyses of E. globulus trees growing on 
opposite ends of a rainfall gradient in southwestern Australia. The Li 13C of phloem sap 
sugars was closely related to phloem sap sugar concentration (r=--0.90, P <0.0001, 
n=40). As predicted, daytime shoot water potential was positively related to Li 13C 
(r=0.70, P <0.0001, n=40) and negatively related to phloem sap sugar concentration (r=-
0.86, P<0.0001, n=40). Additional measurements showed a strong correspondence 
between predawn shoot water potential and phloe1n sap sugar concentration 1neasured at 
midday (r=-0.87, P <0.0001, n=30). The Li13C of phloem sap sugars collected fro1n the 
stem agreed well with that predicted from instantaneous 1neasurements of c/ ca on 
subtending donor leaves. Accordingly, instantaneous c/ca correlated negatively with 
phloem sap sugar concentration (r=-0.91, P<0.0001, n=27). Oxygen isotope 
enrichment (Li 180) in phloe1n sap sugars also varied with phloem sap sugar 
concentration (r=0.91, P<0.0001, n=39), consistent with predictions from a theoretical 
model of .6 180. I conclude that drought induces correlated variation in the 
concentration of phloe1n sap sugars and their isotopic composition in E. globulus. 
3.2. Introduction 
Measurement of stable carbon and oxygen isotope ratios 1n plant material 
provides a valuable tool for studying the performance of terrestrial plants. For example, 
the strong correlation between discrimination against 13C (Li 13C) and the ratio of 
intercellular to ambient carbon dioxide concentrations ( c/ ca) has been relied upon 
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extensively to assess plant water use efficiency under a variety of experimental and 
natural conditions (for reviews, see Farquhar et al. 1989a; Ehleringer 1993; Brugnoli 
and Farquhar 2000). Farquhar et al. (1982) derived an expression relating Li13C to c/ca 
for C3 photosynthesis such that, 
Li13 C = a + ( b - a )_S_ , (3.1) 
ca 
where a is the fractionation caused by gaseous diffusion ( 4.4%0), and b is the effective 
fractionation caused by carboxylating enzymes ("'27%0). The Li13C is defined with 
respect to atmospheric CO2 as Li 13C Ra!Rp-1, where Ra is 13C/12C of atmospheric CO2 
and Rp is 13C/12C of plant material. Equation (3 .1) suggests that Li 13C decreases linearly 
as c/ ca decreases. Because c/ca represents a balance between the supply of CO2 via 
stomata and the photosynthetic demand for CO2, Li13C is often employed as an indicator 
of the extent of drought stress experienced by a plant. Thus, as stomata close to 
conserve water, Li13C decreases as a function of decreasing c/ ca. The advantage of 
measuring Li13C of plant material is that it provides a time-integrated, rather than 
instantaneous, estimate of c/ ca. 
Oxygen isotope enrichment in plant material (Li180), on the other hand, is partly 
controlled by the evaporative enrichment of 180 in leaf water. Sugars immediately 
exported from the leaf are presumed to be in close isotopic equilibrium with the water 
in which they formed (Farquhar et al. 1998; Barbour et al. 2000b; Barbour et al. in 
press-a), after taking into account an equilibrium fractionation of approximately +27%o 
(Sternberg and DeNiro 1983 ; Sternberg et al. 1986). A proportion of the oxygen atoms 
in the exported sugars exchanges with local water during subsequent metabolism; 
however, the leaf water signal is expected to persist unaltered during translocation until 
the sugar molecules are broken down into derivative molecules containing carbonyl 
bonds (Barbour et al. in press-a). Leaf water heavy isotope enrichment at evaporative 
sites (Li 18Oe) has been modeled as (Craig and Gordon 1965; Dongmann et al. 1974; 
Farquhar et al. 1989b) 
1:il80 = 5 * + E + (iil 80 -£ )ea e k v k , 
e. 
l 
(3.2) 
where ~ is the equilibrium fractionation between liquid and vapor, Ek is the kinetic 
fractionation that occurs during diffusion from the leaf to the atmosphere, ti 18Ov is the 
isotopic enrichment of atmospheric vapor compared to source water, and ealei is the 
ratio of ambient to intercellular vapor pressures. The Ek can be calculated as 
37 
Chapter 3 
ck{%o)=(28rs+ 19rb)/(rs+rb), where rs and rb are the stomatal and boundary layer 
resistances to water vapor diffusion, and the coefficients 28 and 19 are the associated 
fractionation factors (Farquhar et al. 1989b ). The ~ 180 in atmospheric water vapor, 
plant water, and plant organic material is defined with respect to the oxygen isotope 
ratio of source water as ~ 180 x RxlRs-1, where Rx is 180/160 of atmospheric vapor, plant 
water, or organic material and Rs is 180/160 of source water. The average isotopic 
enrichment of water in the leaf mesophyll (~180L) can then be related to the isotopic 
enrichment at evaporative sites by (Farquhar and Lloyd 1993) 
180 -~180e(1-e-ti) ~ L - ------'-------'- . 
fJ 
(3.3) 
The fJ is a dimensionless number termed the Peclet number which is defined as 
ELI( CD), .where Eis transpiration rate (mol m-2 s-1), L is a scaled effective path length 
(m), C is the molar concentration of water (mol m-3), and D is the diffusivity of H2 180 
in water (m2 s-1). 
A potentially useful application of ~ 180 in plant material is as an integrated 
measure of stomatal conductance and transpiration rate (Barbour and Farquhar 2000). 
At a given air temperature and humidity, equation (3.2) suggests that ~ 180 e will 
decrease with increasing stomatal conductance ( and therefore transpiration rate) as a 
result of evaporative cooling of the leaf and consequent lowering of e0 /ei. Additionally, 
increased stomatal conductance decreases ck, thereby further decreasing ~ 180e. Finally, 
increased transpiration increases the Peclet number, which decreases ~ 180 L, as seen in 
equation (3.3). The influence of increased stomatal conductance on e0 /ei, ck, and fJ is 
opposed by an increase in &* with decreasing leaf temperature; however, the increase in 
&* is rather small, namely a change from 9 .2%o at 25°C to 9 .6%0 at 20°C. Thus, ~ 180 
can potentially compliment the use of ~ 13C by providing information about stomatal 
conductance independently of the effects of photosynthetic demand for CO2 on c/ca. 
Significant variation in ~ 13C of phloem sap sugars was recently observed in the 
phloem-bleeding tree Eucalyptus globulus Labill. growing in southwestern Australia 
(Pate and Arthur 1998); variation occurred between rain-fed plantations experiencing 
drought-stress and irrigated plantations, as well as seasonally within rain-fed plantations 
in correspondence with seasonal rainfall patterns. Based on the data provided by Pate 
and Arthur (1998), phloem sap sugar ~ 13C appeared to integrate drought stress more 
directly, and over more physiologically relevant timescales, than did whole tissue ~ 13C. 
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An additional advantage was the relative ease of analyzing phloem sap, which was so 
dominated by photosynthetic sugars that it did not require further extraction, as would 
be the case in the analysis of leaf soluble sugars or starch. 
In a companion paper, Pate et al. (1998) reported a strong relationship between 
phloem sap sugar Li13C and phloem sap sugar concentration in E. globulus. According 
to the pressure-flow hypothesis of phloem translocation (Munch, 1930), photosynthate 
is distributed from source to sink regions within a plant via gradients in turgor within 
sieve tubes generated by the loading and unloading of sugars. The amount of turgor 
borne by a sieve tube depends, in part, on the water potential of the apoplastic reservoir 
surrounding it: 
P=T+IT, (3.4) 
where P is the hydrostatic pressure within the sieve tube, T is the symplastic water 
potential ( assumed equal to that of the apoplast when the system is in stationary state), 
and IT is the osmotic pressure within the sieve tube. The importance of the apoplastic 
water potential in the phloem system has been explicitly recognized in formal 
descriptions of the Munch hypothesis (eg., Christy and Ferrier 1973; Tyree et al. 1974; 
Goeschl et al. 1976; Smith et al. 1980; Sheehey et al. 1995), and attention has been 
drawn to the role of water potential gradients in determining the partitioning of 
photosynthate among multiple sinks (Lang and Thorpe 1986; Daudet et al. 2002). One 
might then hypothesize that as the water potential of a plant decreases during drought 
stress, the osmotic pressure within the sieve tubes will increase to provide the turgor 
necessary for continued functioning of the phloem. Experimental evidence in support 
of this concept was obtained for Ricinus communis, wherein the concentration of solutes 
in phloem sap increased in response to withholding water (Hall and Milburn 1973), and 
the loading of sucrose into the phloem appeared to be turgor pressure dependent (Smith 
and Milburn 1980). 
These considerations led me to investigate the possibility that variation in plant 
water potential causes correlated changes in phloem sap sugar concentration and 
phloem sap sugar Li 13 C in E. globulus. The hypothesis is conceptualized in Figure 3 .1. 
Additionally, I compared the Li 13C measured in the phloem sap sugars with that 
predicted from instantaneous measurements of c/ ca, in order to assess the validity of 
applying equation (3 .1) to the E. globulus system. Finally, I report on a strong 
relationship between Li 180 in phloem sap sugars and the phloem sap sugar 
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concentration, and postulate that this relationship can also be mechanistically accounted 
for through consideration of plant water relations. 
Figure 3.1. A conceptual diagram showing the . hypothesized relationships among 
~··-··'" .. ·. 
..... . 
investigated variables. I expected phloem , sap sugar concentration ([sugar}) and 
stomata! conductance (gs) to vary in response to variation in plant water potential, and 
carbon (L1 13 C) and oxygen (L118O) isotope discrimination to vary consequently in 
response to variation in stomata! conductance. 
3.3. Materials and Methods 
I measured dayti1ne shoot water potential, phloem sap sugar concentration, 
phloe1n sap sugar Li13C, phloem sap sugar Li18O, and instantaneous gas exchange in 40 
Eucalyptus globulus Labill. trees selected fro1n three rain-fed plantations located in 
southwestern Australia. The three plantations were chosen such that the study would 
enco1npass a selection of trees ranging from relatively unstressed to very stressed. 
Sainpling took place between February 21 and 23 , 2002, a time that would ordinarily 
correspond to peak drought stress in the Mediterranean-type environment of 
southwestern Australia. Site 1 was located near Mount Barker, Western Australia 
(34°32'28" S, 117°30'24" E), a region on the lower rainfall limit of E. globulus 
plantations averaging approximately 600 rmn annual precipitation. Trees were planted 
in 1999, and were approximately 6 m tall at the time of sampling. Site 2, the wettest of 
the plantations, was located near the township of Denmark, Western Australia 
(34°58'45" S, 117°20'06" E) in a region that averages approximately 1400 mm annual 
precipitation. The sampled trees at site 2 were located at the base of a small hill where I 
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expected soil moisture content to be relatively. high. Trees were planted in 1999 and 
were approximately 10 m tall at the time of sampling. Trees from a third plantation 
(site 3), thought to be intermediate between the wet and dry plantations, were also 
sampled. Site 3 was also located near Denmark, Western Australia (34°58'43" S, 
117°19'02" E), but sampled trees were _located high on the slope of a hill, and were thus 
expected to have a lower soil water availability than those at site 2. This plantation was 
also a 1999 planting. Average weather conditions in the vicinity of the sampling sites 
over the three weeks preceding sampling are given in Table 3 .1. 
Trees were sampled sequentially through the day over a single day at each 
plantation, starting in the early morning and concluding in the late afternoon. The study 
thus comprised 10 to 15 trees from each plantation. Shoot water potential was 
measured on four twigs of approximately 5 mm diameter from each tree using a 
Scholander-type pressure chamber (Scholander et al. 1965). A large ladder was used to 
access the canopy. Twig samples for water potential measurements were collected from 
a single canopy height that was approximately two-thirds the height of the live crown. 
At the same canopy level, phloem sap was collected from the main stem using the 
bleeding technique described previously (Pate et al. 1998). Phloem sap sugar 
concentration (w/v) was measured at the time of sap collection using a temperature-
compensated, hand-held refractometer (Bellingham and Stanley, London, UK), 
previously calibrated against HPLC measurements of sugar concentration (Pate et al. 
1998). Gas exchange was measured on five to ten leaves per tree at the same canopy 
level using an LCA 4 Portable Gas Exchange System (ADC BioScientific Ltd, 
Hertfordshire, England) at the same time that water potential and sugar concentration 
measurements were taking place. Sugar concentration values measured on a weight per 
volume basis on the refractometer were converted to molar concentrations by assuming 
the sugar fraction of the sap to comprise 70% sucrose and 30% raffinose on a weight 
basis (see Tables 2 and 3, Pate et al. 1998). This was the mean value for the relative 
concentrations of the two sugars observed across a range of 29 E. globulus plantations 
in southwestern Australia. The standard deviation of the ratio was 10%; an error of two 
standard deviations would lead to approximately a 7% difference in my calculated 
molar sugar concentrations. 
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Table 3.1. Average meteorological conditions over the first three weeks of February 
reported by weather stations in Mount Barker (34° 3 7 '3 0" S, 117° 3 8 '10" E) and Albany 
(34° 5 6 '35" S, 117°48 '03" E), Western Australia. Albany is a coastal town 
approximately 50 km west of Denmark that should experience similar weather patterns 
to Denmark, and is the nearest operating weather station to Denmark. Total 
precipitation over the period was 8. 0 mm at Mount Barker and 8. 4 mm at Albany. 
Parameter Mount Mount Albany Albany 
Barker Barker 9am 3pm 
9am 3pm 
Relative humidity (%) 67 49 67 51 
Air temperature (°C) 17 21 18 21 
Wind speed (m s-1) 4.2 4.4 5.8 7.5 
Additional measurements were made of predawn shoot water potential followed 
by measurements of midday phloem sap sugar concentration in order to further 
investigate the relationship between the two parameters, and to see whether predawn or 
dayti1ne shoot water potential correlated more strongly with daytime sugar 
concentration. Phloe1n sap was collected from stems at approximately 1.4 m height 
above the ground. These measurements took place at various E. globulus plantations in 
southwestern Australia in close proximity (within 100 km) to the primary study 
plantations in which the more detailed measure1nents took place. 
Phloem sap sugar concentrations were converted to osmotic pressures according 
to the relationship given by Nobel (1991), which was based on measurements of the 
freezing point depression of sucrose solutions at 20°C (Weast and Lide 1989). 
Raffinose was assu1ned to have the same relationship between molar concentration and 
osmotic pressure as sucrose. Data for photosynthesis, stomatal conductance, and c/ ca 
were averaged for each tree. Measure1nents taken at irradiances less than 400 µmol 
photosynthetically active radiation (PAR) m-2 s-1 were excluded fro1n the analyses so 
that the effects of water stress on gas exchange could be analyzed independently of the 
effects of low irradiance. The value of 400 µmol PAR m-2 s-1 was chosen based on a 
plot of photosynthesis versus irradiance for the unstressed plantation, in which there 
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appeared to be little increase in photosynthesis with increasing irradiance beyond PAR 
values of 400 µmol m-2 s-1. 
The stable carbon and oxygen isotope ratios of phloem sap dry matter were 
determined on 5 µL phloem sap samples from which the water was evaporated 
overnight in a drying oven at 60°C. Carbon isotope analyses were conducted with an 
Isochrom mass spectrometer (Micromass, Manchester, UK) coupled to a Carlo Erba 
elemental analyzer (CE Instruments, Milan, Italy) operating in continuous-flow mode. 
Oxygen isotope ratios were measured by a second Isochrom mass spectrometer 
following pyrolysis in a Carlo Erb.a elemental analyzer (Farquhar et al. 1997). Carbon 
and oxygen isotope ratios were obtained in 8 notation, where 8 RIRstandard-l, and R and 
R standard are the isotope ratios of the sample and standard (PDB for carbon, VS MOW for 
oxygen), respectively. The 813C values were then converted to .6. 13C values using the 
equation .6. 13C=(8a-8p)/(1 +8p), where 8a is the 813C of atmospheric CO2 and 8p is the 
813C of phloem sap dry matter. The 813C of atmospheric CO2 was assumed to be -
7.8%0. The 8180 values were converted to .6. 180 values using the equation .6..18O=(80 -
85)/(l +85), where 80 is the 8180 of phloem sap dry matter and 85 is the 8180 of source 
water. Xylem sap water 8180 was measured in the Mount Barker plantation on two 
previous occasions in November 2000 and March 2001, and in the wetter Denmark 
plantation on one previous occasion in December 2001 ( detailed in Chapter 6). Xylem 
sap water 8180 values did not differ between sampling dates at the Mount Barker 
plantation (P=0.09, n=l l), or between the Mount Bark~r plantation and the Denmark 
plantation (P=0.65, n=41). Therefore a mean source water 8180 value of -3.6%0 was 
used in all calculations of .6.180. 
After analyzing the oxygen isotope composition of the phloem sap dry matter, I 
discovered from a separate set of analyses that the measured 8180 of phloem sap sugars 
varies depending on vvhether the tin sample cup is sealed under argon immediately upon 
removal from the drying o en, or whether it is folded so that it does not form a gas-tight 
seal. I presume that the difference is caused by adsorption of water vapor from the 
atmosphere onto the surface of the dried sugars when the sample is not enclosed in a 
gas-tight cup. Of the phloem sap samples originally analyzed for this Chapter, 18 had 
sufficient sample remaining for an additional analysis . I re-analyzed these samples in 
tin cups sealed under argon immediately upon removal from the drying oven. The 
resulting 8180 values vvere enriched by 5.5%0 on average compared to the first set of 
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analyses; however, the two data sets were very well correlated (r=0.98, P <0.0001, 
n=l 8). Therefore, I corrected the first set of analyses for the effect of not enclosing the 
dried sugar samples under a gas-tight seal using the results from the subset of samples 
that I was able to re-analyze. The regression equation used in the calculations was 
818Osealed= 1.19818Ounsealed-0.89, where 818Osealed is the calculated value for the sealed-
cup analysis and 818Ounsealed is the value from the initial unsealed-cup analysis. 
Unfortunately, the Lupinus angustifolius phloem sap samples that were analyzed 
for dry matter 8180 in Chapter 2 were completely consumed in the original analyses. 
Therefore it was not possible to re-analyze a subset of the phloem sap samples to test 
for differences in dry matter 8180 between sealed and unsealed cups after discovering 
the possibility of a measurement bias associated with the former. However, from this 
point forward in the thesis, all phloem sap dry matter samples were analyzed in gas-
tight tin cups sealed under argon immediately upon removal from the drying oven. 
I produced theoretical estimates of phloem sap sugar~ 180 in order to determine 
if a change in stomata! conductance alone could account for the range of variation in 
~
180 values observed in the study. The difference between leaf and air temperatures 
(~T) was predicted using a method developed by DGG dePury and GD Farquhar 
(unpublished) and described by Barbour et al. (2000a): 
~T = rb~l [Q0 (rs + rb )-LD] 
· C p ~s + rb + E:rb~ ) ' 
(3.5) 
* 
where r bH is the su1n of resistances to sensible and radiative heat transfer, Q0 is the 
isothennal net radiation at the leaf surface, r s is the stomata! resistance to water vapor, 
r b is the boundary layer resistance to water vapor, L is the latent heat of vaporization, D 
is the vapor concentration deficit of the air, CP is the specific heat of air at constant 
pressure, and £ is the proportional change in latent heat content of saturated air for a 
given change in sensible heat content. Boundary layer resistance was calculated as 
su1nmarized by Barbour et al. (2000a) using an average leaf surface area of 60 cm2 and 
wind speed of 6 m s-1. The Q0 was estimated as described by Barbour et al. (2000a) 
assu1ning canopy-averaged PAR to equal 1000 µmol m-2 s-1. For equation (3.2), 
average air temperature and relative humidity values were assumed to be 20°C and 
55%, respectively, based on data recorded in Table 3.1. The ~ 18Ov was assu1ned equal 
to -£*, which produced a 8180 estimate for atmospheric water vapor of -13.2%0. For 
comparison, the average vapor 8180 in Perth, WA (approximately 400 km from the 
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study site), based on weekly measurements over a 1.5 year period from 1996 to 1998, 
was -12.3%0 with a standard deviation of l.6%0 (John Rich, PhD dissertation, 
unpublished). An error of one such standard deviation in my vapor 8180 estimate 
would lead to a difference of approximately 0.6%0 in predicted Li 180 of phloem sap 
sugars, whereas a variation of two standard deviations would lead to a difference of 
approximately 1.2%0. The scaled effective path length for equation (3.3) was assumed 
to be 25 mm. This estimate was based on measurements in Eucalyptus globulus of the 
discrepancy between predicted Li 180e and observed leaf water enrichment in the steady 
state (see Chapter 6 for details). Transpiration rate (E) for equation (3.3) was estimated 
as (DGG dePury and GD Farquhar, unpublished) 
(3.6) 
Relationships among measured parameters were assessed using Pearson 
correlation and least-squares regression analyses. Statistical analyses were performed 
in SYSTAT 9 .0 (SPSS Inc, Chicago, IL, USA). 
3 .4. Results 
The strong relationship between phloem sap sugar Li 13C and phloem sap sugar 
concentration previously observed by Pate et al. (1998) featured prominently in the 
present data set (Figure 3 .2A). Values for Li 13C spanned a range of 10%o, and values for 
sugar concentration spanned a range of 0.3 mol L- 1. The Pearson correlation coefficient 
(r) relating the two variables was -0.90 (P<0.0001, n=40), indicating a very strong, 
negative, linear covariance. There was also a very strong correlation between phloem 
sap sugar concentration and instantaneous c/ ca (Figure 3.2B), with a correlation 
coefficient of -0.91 (P<0.0001, n=27). Additionally, significant correlation was 
observed between Li13C of phloem sap sugars and shoot water potential (r=0.70, 
P<0.0001 , n=40). 
Stomatal conductance, photosynthesis, and c/ ca varied among trees growing in 
the three plantations. The lowest stomatal conductance values were recorded at the 
Mount Barker plantation and the drier Denmark plantation, and the highest values at the 
wetter Denmark plantation. Average stomatal conductances for individual trees ranged 
from 0.02 mol H20 m-2 s-1 to 0.56 mol H 20 m-2 s-1. Average photosynthetic rates 
ranged from 1.7 µmol CO2 m-2 s-1 to 13.0 µmol CO2 m-2 s-1. Curvature in the 
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relationship between average values for stomatal conductance and photosynthesis 
suggested variation in c/ ca among the population of trees sampled. 
The 1neasured variation in instantaneous c/ca correlated with ~ 13C of phloem 
sap sugars (Figure 3 .3 ). The observed relationship was close to that predicted by 
equation (3 .1 ). A linear regression through the data yielded the relationship 
~
13C=l.7+25.3c/ca, with the 95% confidence intervals extending from -1.5 to 4.9%0 for 
the intercept and 20.1 to 30.5%0 for the slope. With the intercept forced through 4.4%0 
(the theoretical value for a), the regression yielded a slope estimate of 21.0%0, with the 
95% confidence interval extending from 19.9 to 22.2%0. 
Both daytime and predawn shoot water potential correlated strongly with 
daytime phloem sap sugar concentration (Figures 3.4A and 3.4B), with correlation 
coefficients of -0.86 (P<0.0001, n=40) and -0.87 (P<0.0001, n=30), respectively. 
Recall that the two sets of 1neasure1nents took place on different trees. As seen in 
Figure 3.4A, the data for dayti1ne shoot water potential and sugar concentration tended 
to separate into two populations when plotted against each other, with the trees from the 
two Denmark plantations having less negative water potentials and lower sugar 
concentrations than those from the Mount Barker plantation. The slope of the 
relationship between shoot water potential and daytime phloem sap sugar concentration 
did not differ significantly depending on whether shoot water potential was measured 
predawn or during the day (P=0.07, n=70). However, intercepts for the two 
relationships were significantly different (P<0.0001, n=70). 
The osn1otic pressure exerted by phloem sap sugars sampled fro1n the stem was 
generally in excess of that required to balance the daytime apoplastic shoot water 
potential for the trees in the two Demnark plantations, but not greatly in excess for trees 
in the Mount Barker plantation, which showed the most negative daytime shoot water 
potentials (Figure 3.5). The slope of the relationship between daytime phloem sap 
sugar osmotic pressure and dayti1ne shoot water potential had a value of -0.61 , which 
was significantly different from -1 (P<0.0001 ). This suggested significant variation in 
the amount of turgor borne by sieve tubes in the stems across the range of shoot water 
potentials encountered in the study. 
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Figure 3.2. (A) Carbon isotope discrimination ( L'.1 13 C) measured in phloem sap sugars, 
and (BJ instantaneous c/ca plotted against phloem sap sugar concentration for E. 
globulus samples collected from three plantations in southwestern Australia in 
February 2002. Site 1 is the drought-stressed Mount Barker plantation,· site 2 is the 
relatively unstressed Denmark plantation,· and site 3 is the intermediate Denmark 
plantation. Each datum corresponds to one tree. Phloem sap was collected from the 
stem at approximately two-thirds the height of the live crown. Instantaneous c/ca was 
measured on five to ten leaves at the same canopy height and averaged for each tree. 
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Figure 3.3. Carbon isotope discrimination ( L'.113 C) measured in phloem sap sugars 
collected from E. g lobulus stems plotted against instantaneous c/c0 . Gas exchange 
measurements took place at the same canopy height as the phloem sap collections; 
instantaneous c/ ca values are the average of five to ten measurements per tree. Each 
datum represents one tree. Site numbers refer to different plantations, as described in 
the caption of Figure 3.2. 
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Figure 3.4. Phloem sap sugar concentration plotted against (AJ daytime and (BJ 
predawn shoot water potential for E. globulus growing in southwestern Australia. 
Phloem sap was collected from the main stem at about two-thirds the height of the live 
crown for (AJ, and at approximately 1.4 m height for (BJ. Shoot water potential was 
measured on four twigs per tree at the same canopy height as the phloem sap was 
collected from and averaged for each tree. Each datum corresponds to one tree. 
Daytime and predawn measurements were conducted on different trees at different 
plantations. Different symbols in (A) show the separation among plantations; site 1 is 
the Mount Barker plantation, whereas sites 2 and 3 are the two Denmark plantations. 
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Figure 3.5. Phloem sap sugar osmotic pressure plotted against daytime shoot water potential. 
Osmotic pressure estimates were derived from measurements of phloem sap sugar 
concentration. Note that phloem sap was collected from the stem, whereas shoot water 
potential was measured in terminal shoots. Each datum represents one tree. Site 1 is the 
Mount Barker p lantation,· sites 2 and 3 are the two Denmark plantations. 
The ~ 180 of phloem sap sugars correlated strongly with the phloem sap sugar 
concentration (Figure 3.6A), with a correlation coefficient of 0.91 (P<0.0001 , n=39), 
and with dayti1ne shoot water potential (r=-0.78, P <0.0001, n=39). Values of phloem 
sap sugar ~ 180 spanned a range of 8%0, with the lowest values (39.0 to 41.7%0) being 
recorded at the wetter Denmark plantation, intermediate values (42.3 to 43.7%0) at the 
drier Derunark plantation, and highest values (43.7 to 47.0%0) at the Mount Barker 
plantation. The ~ 13C and ~ 180 of phloem sap sugars correlated negatively with each 
other (Figure 3.6B) (r=-0.92 P <0.0001 , n=39). The phloem sap sugar ~ 180 also 
correlated negatively with the instantaneous, cuvette-based 1neasurements of 
transpiration rate (Figure 3.6C), with a correlation coefficient of -0.85 (P<0.0001 , 
n=27) . The theoretical 1nodel of .6 180 , summarized in equations (3 .2), (3.3), (3. 5), and 
(3.6) predicted values ranging from 47.3 to 38.3%0 over the observed range of stomata! 
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Figure 3.6. Oxygen isotope enrichment (L118O) of phloem sap sugars in E. globulus plotted 
against (A) the sugar concentration of the phloem sap, (B) the carbon isotope discrimination 
( L113 C) of the phloem sap sugars, and (C) cuvette-based measurements of transpiration rate 
made concurrently with the phloem sap collections. Samples were collected in February 2002 
from trees growing in three plantations in southwestern Australia. Site numbers are as 
described in the caption to Figure 3.2. Each datum corresponds to one tree. Transpiration was 
measured on five to ten leaves and averaged for each tree. The theoretical line in (C) was 
derived from equations (3.2), (3.3) and (3.5) in the main text. The theoretical relationship is 
that expected if variation in phloem sap sugar L1 18O resulted exclusively from variation in 
stomata! conductance and therefore transpiration rate. 
conductances (0.02 to 0.56 mol H20 m-2 s-1). This predicted range of~ 180 values 
agreed well with the observed range (47.0 to 39.0%0), suggesting that the observed 
variation in ~ 180 could in fact be accounted for by varying only one term in the model, 
i.e. sto1natal conductance. For comparison, a sensitivity analysis is presented in Table 
3 .2 showing the effect of varying terms in the model other than stomatal conductance. 
The amount of variation in leaf temperature predicted by equation (3 .5) over the 
observed range of stomatal conductances was 2.8°C. This can be compared with 
observed differences in leaf temperature of approximately 1 °C in Eucalyptus pauciflora 
for stomatal conductance values ranging from 0.3 to 0.6 mol m-2 s-1 (J. Egerton, 
personal communication); over that range, equation (3 .5) predicts a difference of 1.1 °C. 
The best fit between modeled and observed ~ 180 values was found when the 
equilibrium :fractionation between leaf water and exported sugars was assumed to be 
28%0. Note that varying this parameter from 27 to 28%0 affects the absolute values 
predicted for ~ 180, but does not affect the range of values predicted. 
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Table 3.2. A sensitivity analysis showing the effect of varying different parameters in 
the phloem sap sugar L118 0 model, in relation to the effect of varying stomata! 
conductance over the observed range of conductance values. Parameters were varied 
one at a time. When a parameter was not being varied, the median value in the selected 
range was used. 
Parameter 
stomatal conductance 
(mol H20 m-2 s-1) 
wind speed (m s-1) 
leaf area ( cm2) 
air temperature (°C) 
relative humidity (%) 
barometric pressure 
(mbar) 
photosynthetically active 
radiation (u1nol m-2 s-1) 
scaled effective path 
length (mm) 
atmospheric vapor fl 180 
(%0) 
Model component affected 
equations (3 .2), (3 .5), (3. 6? 
equations (3.2), (3.5), (3.6) 
equations (3.2), (3.5), (3.6) 
equations (3.2), (3.5), (3.6) 
equations (3 .2), (3 .5), (3 .6) 
equations (3 .5), (3 .6) 
equations (3 .5), (3 .6) 
equation (3.3) 
equation (3 .2) 
Change to Predicted 
value of change in 
parameter fl 180 (%0) 
0.02 to 0.56 -9.0 
2 to 10 -0.4 
20 to 100 0.2 
15 to 25 -2.9 
50 to 60 -1.8 
950 to 1050 0.4 
500 to 1500 0.9 
20 to 40 -2.4 
-8.6 to -10.6 -0.8 
aNote that any parameter affecting equation (3.6), which predicts transpiration rate, 
also affects equation (3.3), which predicts the Peclet effect. 
3.5. Discussion 
Although further experimental testing is warranted, the results obtained in this 
study strongly support my hypothesis as conceptualized in Figure 3 .1 . Thus, it appears 
that variation in plant water potential induces correlated changes in phloem sap sugar 
concentration and the current fl 13 C and fl 180 of E. globulus trees. The resulting 
correspondence between these parameters suggests the intriguing possibility of 
interpreting phloem sap sugar concentration in terms of plant responses to the 
environment, and in particular to drought stress. 
The relationship between phloem sap sugar concentration and 6 13C of phloem 
sap sugars appears to be extremely well conserved for E. globulus growing in 
southwestern Australia. Pate et al. (1998) reported the regression equation [sug]=l.05-
0.025fl 13C(%o), where [sug] is phloe1n sap sugar concentration expressed as mol L-1, 
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and the regression has an R2 value of 0.69. For the present data set I obtained the 
regression equation [sug]=l.06-0.024~13C(%o), with · an R2 value of 0.81. The 
relationship that I observed was nearly identical to that observed previously. The Pate 
et al. (1998) data were derived from bulked phloem sap samples collected from 37 
plantations distributed across southwestern Australia, such that each datum represented 
one plantation. The present data set therefore serves to confirm on an individual tree 
basis what was found previously on a plantation basis. 
Phloem bleeding sap has also been collected from Fagus sylvatica growing in 
the south of Germany and assayed for both its sugar concentration and the ~ 13C of the 
sugars (Gessler et al. 2001). In that study, stand density was manipulated to varying 
degrees, which was expected to impact on soil water availability, and therefore ~ 13C. 
Sampling also took place on slopes of differing aspect, which introduced further 
variation in ~ 13C. Combining data from the different basal area treatments, slope 
aspects, and sampling dates resulted in a negative correlation between ~ 13C in phloem 
sap sugars and phloe1n sap sugar concentration for F. sylvatica, as expected from the 
hypothesis described by Figure 3 .1. Although Gessler et al. do not provide a statistical 
analysis of the combined data set, the relationship does not appear to be as strong as the 
one that I observed. For F. sylvatica, sugar concentrations ranged from 0.1 to 0.4 mol 
L-1, whereas in the present study concentrations ranged from 0.5 to 0.8 mol L-1. The 
relationship between phloem sap sugar concentration and ~ 13C has also been observed 
to become weaker in E. globulus when phloem sap sugar concentrations are lower and 
soil water more plentiful (Arthur and Pate, unpublished data); this presumably reflects a 
more limited role of stomata in causing variation in c/ ca at such times. 
A negative relationship between phloem sap sugar concentration and phloem sap 
sugar ~ 13C was previously observed in Lupinus angustifolius, where the sap was 
collected at different times over a diurnal cycle, and sugar concentrations varied over a 
relatively narrow range of from 0.33 to 0.38 mol L-1 (Chapter 2). In the present study 
with E. globulus, I could not resolve a diurnal pattern of variation in either the 
concentration or~ 13C of phloem sap sugars .. This result contrasts with earlier results for 
E. globulus reported by Pate and Arthur (2000), in which a diurnal pattern in phloem 
sap sugar concentrations of stems and to a greater extent branches was observed, 
particularly between samples collected during the day and those collected at night. It is 
probable that in the present study such a diurnal pattern was obscured by inter-tree 
variability within the sampled plantations because all sequential sampling occurred on 
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different trees. In addition, a diurnal pattern may have been less apparent because I 
only sampled stems and only sampled during the day. 
An apparently strong relationship was previously observed between shoot water 
potential and ~ 13C of phloem sap sugars in F. sylvatica (Gessler et al. 2001). The 
relationship reported in terms of 813C was 813C(%o)=-3.93SWP-30.7, where SWP is 
shoot water potential (MPa). If I express my data in the same terms, I obtain a 
relationship for E. globulus of 813C(%o)=-4.60SWP-32.0 (R2=0.49, P<0.0001, n=40), 
reasonably similar to that obtained for F. sylvatica. Extrapolating the regression 
equations to their respective values at which ~ 13C=4.4%o (or 813C=-12.2%o) results in 
shoot water potential estimates of -4. 7 MP a for F. sylvatica and -4.3 MP a for E. 
globulus. The discrimination value of 4.4%6 is the value expected when stomata are 
completely closed, foregoing issues associated with molecular flow at very low stomatal 
conductances (Farquhar and Lloyd 1993). These values can be compared to a water 
potential estimate of -2.1 MPa for L. angustifolius when ~ 13C=4.4%o (Chapter 2). Not 
surprisingly, the estimates of water potential values at complete stomatal closure for the 
two long-lived, woody tree species are substantially lower than for the herbaceous 
annual. Such analyses could prove useful in determining the extent of drought stress 
that different species or genotypes are capable of tolerating. 
Slopes of the relationship between shoot water potential and 813C have also been 
reported for 813C of leaf tissue and wood. A slope of -0.18%0 MPa-1 was reported for 
leaves of Quercus pubescens and Quercus ilex growing in southern France (Damesin et 
al. 1998), whereas slopes ranging from -1.8 to -3.1%0 MPa-1 were reported for wood of 
Pinus radiata and Pinus pinaster growing in southwestern Australia (Warren et al. 
2001). The slope that I report for phloem sap sugars of E. globulus of -4.6%0 MPa-1 
differs from those just mentioned in that it was derived from measurements of daytime 
shoot water potential, rather than predawn shoot water potential. Nonetheless, slopes 
among species appear to vary over a large range. It is possible that some of the 
variation can be accounted for by considering the different sampling techniques. 
Whole-tissue measure1nents potentially include considerable uncertainty about the 
period during which the carbon comprising the tissue was assimilated. On the other 
hand, the strong correspondence between phloem sap sugar ~ 13C and instantaneously 
1neasured c/ ca presently reported for E. globulus provides clear evidence that phloem 
sap sugars indeed provide an accurate estimate of the current ~ 13C of the plant. 
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I observed a slope for the relationship between ~ 13C of phloem sap sugars and 
instantaneous c/ca of 21.0%0 when the intercept was forced through 4.4%0, as prescribed 
by equation (3 .1 ). This relationship yields a value for b, the effective discrimination by 
carboxylating enzymes, of 25 .4%o. This is consistent with the value of 25. 7%o estimated 
for b from measurements of leaf soluble sugars in Populus nigra x deltoids, Gossypium 
hirsutum, and Phaseolus vulgaris (Brugnoli et al. 1988), arid 25.0%0 estimated from leaf 
soluble sugars in Gossypium hirsutum and Oryza sativa (Brugnoli and Farquhar 2000). 
Possible reasons for the deviation of b values estimated from analyses of leaf soluble 
sugars from the suggested value of 27%0 have been discussed in detail by Brugnoli and 
Farquhar (2000). They include the effects of low mesophyll conductance to CO2, and 
possibly fractionation during dark respiration and photorespiration. The same set of 
potential mechanisms affecting apparent values of b observed in leaf soluble sugars 
should also apply to those observed in phloem sap sugars, with the one possible 
exception being the potential for fractionation during phloem loading. However, to 
date, such a phenomenon has not been demonstrated. 
Data plotted in Figure 3 .5 suggest that the amount of turgor conferred by sugars 
in the phloem sap is not homeostatically maintained across the range of apoplastic shoot 
water potentials sampled in E. globulus. The relationship between daytime phloem sap 
osmotic pressure in the stem and daytime shoot water potential had a slope greater than 
negative one, suggesting more turgor at less negative water potentials than at more 
negative water potentials. This pattern was also reflected in the bleeding behavior of 
the trees, with trees that had less negative water potentials bleeding more profusely than 
those with more negative water potentials. In their earlier E. globulus sampling efforts, 
Pate et al. (1998) remarked, "Failure to bleed was rare but encountered occasionally 
when severely water stressed plantations were sampled during very hot afternoons of 
late summer and autumn. Even then, the same trees produced sap when sampled after 
recovery of water stress the following evening." This would suggest that only under the 
most severe conditions of drought stress is there a lack of turgor in the sieve tubes of E. 
globulus. 
There are some complications involved in attempting to make precise 
quantitative estimates of stem phloem turgor based on the data plotted in Figure 3.5. 
Phloem sap was collected from main stems, whereas shoot water potential was 
measured on tenninal shoots. One would expect the daytime water potential in the stem 
to be less negative than that in the tenninal twigs, which would tend to shift the 
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relationship in Figure 3.5 toward a less negative apoplastic water potential for a given 
osmotic pressure, thereby resulting in higher estimated turgor pressures in the sieve 
tubes. However, it also seems likely that the effective osmotic pressure will be less than 
that estimated from the sugar concentration of the sap because the reflection coefficient 
of the sieve tube membranes and sieve plates is likely less than unity. The quantitative 
significance of these two factors is difficult to estimate, particularly since the associated 
biases are in opposing directions. 
However, if I ignore these complications, sieve tube turgor esti1nates for E. 
globulus range from ~0.2 to 0.8 MPa. These can be compared to previously reported 
values ranging from 0.7 to 1.2 MPa for stem phloem in Fraxinus americana, 0.9 to 1. 1 
MPa for stem phloem in Ricinus communis (Milburn 1980), and a value of 1.1 MPa for 
leaf phloem in Hordeum vulgare (Pritchard 1996). In those studies, xylem water 
potentials were -0.7, -0.5, and -0.2 MPa respectively; all somewhat less negative than 
the shoot water potentials recorded in the present study. However, in peduncles of 
Triticum aestivum sieve tube turgor pressures of 2.4 and 1.4 MPa were observed at 
apoplastic water potentials of -0.4 and -2.1 MPa, respectively (Fisher and Cash-Clark, 
2000). This decrease in phloem sap turgor with increasing drought stress, as also seen 
for E. globulus in Figure 3 .5, is likely to be qualitatively meaningful. If one assumes 
that the net assimilation rate of the canopy of a tree determines the translocation rate 
from the canopy, and that the translocation rate is proportional to the turgor gradient 
from source to sink, then it follows that a reduction in canopy photosynthesis due to 
stomata! closure will reduce the amount of photosynthate available for translocation and 
result in a smaller turgor gradient between the source and sink, likely caused by less 
turgor at the source. 
I found that the observed variation in stomata! conductance across the study was 
sufficient to account for the range of values observed in ~ 180 of phloem sap sugars. 
Meteorological data from Mount Barker and Albany, WA suggest very little or no 
difference in average relative humidity among the study sites for the three weeks 
preceding measurements (Table 3 .2). Similarly, there is no a priori reason to expect the 
isotopic co1nposition of atmospheric water vapor to differ between the Mount Barker 
and Denmark sites; and, as noted previously, I have observed no difference in xylem 
water 8180 between the Mount Barker plantation and the wetter Denmark plantation. 
Thus, there would not appear to be a basis for invoking variation in parameters in the 
~ 180 model other than stomata! conductance and transpiration rate in seeking the most 
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. parsimonious explanation for the observed variation in 11180 of phloem sap sugars. The 
separation of 11180 values in the two Denmark plantations provides further support for 
this interpretation, as these two sites were only 2 km apart and therefore would have 
likely experienced identical source water, atmospheric vapor 8180, and temperature and 
humidity regimes. 
The 11180 of total dry matter in leaves collected from the Mount Barker 
plantation and the wetter Denmark plantation was measured in a separate set of 
experiments (detailY.d in Chapter 6). Values were 33.5 + 0.3%0 (mean+ lSE) for the 
•-•--· ,.:. •' . 
Mount Barker plantation and 31.0 + 0.1 %0 for the Denmark plantation, showing that the 
difference in 11 180 observed in phloem sap sugars is also reflected in leaf dry matter. 
Whereas the average difference between the two plantations for phloem sap sugars was 
5.1 %0, that for leaf dry matter was 2.5%0. This difference is to be expected, given that 
during the conversion of phloem sap sugars to leaf dry matter some of the oxygen atoms 
of the sugars are replaced by those of medium water. Additionally, leaf dry matter 
would integrate over a longer time period than would phloem sap sugars, most likely 
encompassing periods when differences in drought stress between the two plantation 
were less pronounced than at the time of phloem sap sampling. 
Because stomatal conductance impacts upon the 11180 model at multiple points, 
the predicted effect of variation in this parameter was relatively large compared to that 
which might have been caused by variation in other model parameters (Table 3 .1 ) . The 
modeling exercise allowed 1ne to partition the predicted variation in 11180 owing to 
variation in stomatal conductance into components due to variation in ealei (resulting 
from variation in leaf cooling), &k, and fcJ . The ck varied from 27 .9%o at a stomatal 
conductance of 0.02 mol H20 m-2 s-1 to 26.4%0 at a conductance of 0.56 mol H20 m-2 s-
1. Because I assumed that 11180 v=-£*, equation (3.2) simplifies to 11180 e=(c*+ck)(l-ealei) . 
At a common ealei of 0.5 , the variation in &k would equate to a difference of 0.8%0 in 
11180 e. The variation in 11180 e resulting from variation in ea! ei due to differences in 
evaporative cooling of the leaf at the minimum and maximum observed stomatal 
conductances for a given ck of 27%0 would be 2.9%0. Finally, the difference in 11180 L 
between the minimum and maximum observed stomatal conductances resulting from 
variation in fcJ for a given 11180 e of 17%0 would be 5. 7%o. Thus, it can be seen that most 
of the variation in 11180 of phloem sap sugars occurring as a result of variation in 
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stomatal conductance across the natural rainfall gradient in southwestern Australia was 
likely caused by variation in f,J and leaf temperature. 
I found that an equilibrium fractionation between predicted leaf water 8180 and 
phloem sap sugar 8180 of 28%0, rather than the commonly assumed value of 27%0, 
resulted in the best fit of modeled to observed data. The possibility exists that the 8180 
of the leaf water in the cytosol of the mesophyll cells with which sucrose equilibrates 
prior to export differs slightly from the bulk leaf water 8180, as suggested in previous 
and recent leaf water modeling efforts (Leaney et al. 1985; Yakir et al. 1989; Yakir et 
al. 1990; Yakir 1992; Farquhar and Gan 2003). 
Phloem exudation following an incision in the bark has been demonstrated for 
many tree species (Zimmerman 1960). Pate et al. (1998) observed exudation of 
collectable amounts of sap in 14 Eucalyptus species, in addition to E. globulus. Phloem 
bleeding for the purpose of sap collection has also been demonstrated in herbaceous 
plants, for example Ricinus communis (Milburn 1970), and several legumes (Pate et al. 
1974). Results of this study, and those conducted previously with E. globulus (Pate and 
Arthur 1998; Pate et al. 1998; Pate and Arthur 2000) (Arthur and Pate, unpublished 
data) highlight the potential of phloem sap analyses for revealing information about the 
current physiological status of the plant. Such analyses could prove very useful in 
optimizing the management of E. globulus plantations, and the potential exists for their 
application in other cropping systems as well. The measurement of phloem sap sugar 
concentrations, in particular, is rapid and inexpensive and can be easily achieved in a 
field setting. I have de1nonstrated strong correspondence between the phloem sap sugar 
concentration of E. globulus and several measures of its physiological response to 
drought stress. Results suggest a very strong potential for the application of the 
measurement and interpretation of phloem sap sugar concentrations for the purposes of 
both plantation management and ecophysiological research. 
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Chapter 4: Oxygen isotope composition of phloem sap in 
relation to leaf water in Ricinus communis 
4.1. Abstract 
I measured the oxygen isotope composition of both the water and dry matter 
components of phloem sap exported from photosynthesizing Ricinus communis L. 
leaves. I found that the 180/160 composition of exported dry matter matched almost 
exactly that expected for equilibrium with average lamina leaf water (leaf water 
exclusive of water associated with primary veins) with an isotope effect of a 0 =1.027, 
I 
where a 0 R0!Rw, and R0 and Rw are 180/160 of organic molecules and water, 
respectively. Average lamina leaf water was enriched compared to source water by 14 
to 22%0 under my experimental conditions, and depleted compared to evaporative site 
water by 4 to 7%o, allowing me to resolve that it is indeed the average lamina leaf water 
180 /160 signal that is exported from photosynthesizing leaves, rather than a signal more 
closely related to that of evaporative site water or source water. Additionally, I found 
that water exported in phloe1n sap from photosynthesizing leaves was enriched 
compared to source water; the mean phloem water enrichment observed for leaf petioles 
was 4.0 + 1.5%0 (mean+ lSD, n=27). Phloem water collected from stem bases was also 
enriched co1npared to source water; however, the enrichment was about 0.8 times that 
observed for leaf petioles, suggesting some mixing between enriched phloem water and 
unenriched xylem water during translocation. Results indicate that the assumption that 
organic molecules exported from photosynthesizing leaves are enriched by 27%0 
compared to average lamina leaf water is valid. Furthermore, results suggest that the 
potential influence of enriched phloem water should be considered when interpreting 
the 180/160 signatures of plant organic material and plant cellulose. 
4.2. Introduction 
Measurement and interpretation of the oxygen isotope ratio (1 80/1 60) of plant 
cellulose was undertaken initially with the aim of reconstructing palaeoclimates (Gray 
and Thompson 1976; Libby et al. 1976; Epstein et al. 1977). More recently, it has been 
recognized that oxygen isotope ratios of plant material likely contain useful information 
about the physiological performance of plants in relation to their growth environments 
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(Sternberg 1989; Yakir 1992; Farquhar et al. 1998). Contemporary models of the 
oxygen isotope composition of plant organic material and/or plant cellulose from 
terrestrial plants indicate that any particular part of the plant dry matter is likely to 
contain a mixture of isotopic signals originating both from source water and from 
evaporatively enriched leaf water (Saurer et al. 1997; Barbour and Farquhar 2000; 
Roden et al. 2000). 
The 180 enrichment of water at the evaporative sites within leaves (~e) can be 
modeled as (Craig and Gordon 1965; Dongmann et al. 1974; Farquhar and Lloyd 1993) 
( 4.1) 
where c + is the equilibrium fractionation between liquid and vapor at the air-water 
interfaces, ck is the kinetic fractionation that occurs during diffusion fro1n the leaf 
intercellular air space through to the atmosphere, ~v is the isotopic enrichment of 
atmospheric vapor compared to source water, and eaf ei is the ratio of ambient to 
intercellular vapor pressures. The ck can be calculated as ck(%o)=(32r5+21rb)/(r5+rb) 
(Farquhar et al. 1989), where rs and rb are the stomatal and boundary layer resistances 
to water vapor diffusion, and the coefficients 32 and 21 are the associated fractionation 
factors scaled to per mil [Note that the fractionation factors for water vapor diffusion 
through stomata and boundary layer have been revised from 28 and 19, respectively, to 
32 and 21, respectively; this reflects recent measure1nents showing the isotope effect for 
diffusion of H2 180 in air to be 1.032 (Cappa et al. 2003), rather than 1.028 (Merlivat 
1978)]. I express the oxygen isotope enrichtnent of any water or dry matter component 
of a plant (~x) relative to source water as ~x=RxlR5-l, where Rx is 180 / 160 of that 
d R · 18 ;16 f component an s 1s O O o source water. Equation (4.1) is a convenient 
approximation of the mathematically correct form of this particular model [given in the 
Appendix as equation (A4.3)], which it underestimates by about 0.1 %0 (Farquhar and 
Lloyd 1993). In the present context, I consider this bias to be negligible. I explain why 
in 1nore detail in the discussion. Farquhar and Lloyd (1993 ), and more recently 
Farquhar and Gan (2003), related the average la1nina mesophyll water enrichment (~L) 
to ~ e as 
(4.2) 
where f;J is a lamina radial Peclet number (Farquhar and Gan 2003), defined as 
ELI( CD), where Eis transpiration rate (mol m-2 s- 1), L is a scaled effective path length 
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(m), C is the molar concentration of water (mol m-3), and D is the diffusivity of H2 18O 
· ( 2 -1) 1n water m s . 
The 180 enrichment of cellulose (~c) in any sink tissue, whether it be a tree ring, 
a developing leaf, or a root, can then be related to ~Las (Barbour and Farquhar 2000) 
(4.3) 
where Pex is the proportion of oxygen atoms exchanging with medium water in the sink 
tissue during cellulose synthesis, and Px is the proportion of unenriched source water in 
the sink tissue. The term to represents the equilibrium fractionation between carbonyl 
oxygen and medium water. Equation ( 4.3) essentially describes the mixing of the 
enriched leaf water signal with the unenriched source water signal in the sink tissue 
during cellulose synthesis. It is similar in this regard to equations presented elsewhere 
(Saurer et al. 1997; Roden et al. 2000); however, it differs in the inclusion of the term 
Px, which I discuss below. Equation ( 4.3) can be extended to predict the 180 enrichment 
of total dry matter by adding the term tcp to the right side of the equation (Barbour and 
Farquhar 2000), which accounts for the difference in 180 enrichment between cellulose 
and the bulk dry matter from which it was extracted. 
The term to in equation ( 4.3) is estimated to have a value of +27%0. This value 
is the average of several measurements of the difference in oxygen isotope composition 
between cellulose extracted from aquatic plants and animals and the water in which 
they grew (Epstein et al. 1977; Deniro and Epstein 1981; Yakir and Deniro 1990); a 
similar value was obtained for terrestrial plants when comparing leaf cellulose to leaf 
water for plants grown under controlled conditions (Deniro and Epstein 1979; Helliker 
and Ehleringer 2002), and in tissue culture (Sternberg et al. 1986). Sternberg and 
Deniro (1983) found that the hydration reaction for the carbonyl oxygen of acetone had 
an isotope effect, a 0 ( defined as Roi Rw, where R0 is 180 /160 of organic oxygen and Rw is 
180/160 of water), of 1.028, 1.028, and 1.026 at 15, 25, and 35°C, respectively. This 
experiment appeared to provide strong support for the hypothesis that hydration of 
carbonyl oxygen groups is the mechanism by which organic molecules record the 
oxygen isotope signature of the water in which they form. It also reinforced the notion 
that t o ( defined as a 0-l) for such reactions is indeed very close to 27%0. 
Equation ( 4.3) assumes that photosynthate exported from source leaves is in 
complete isotopic equilibrium with water having an enrichment of ~L- For an a 0 value 
of 1.027, this assumption can be summarized as 
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R suc = 1.027 
RL 
(4.4) 
where Rsuc is the 180/160 of sucrose exported in the phloem and RL is that of average 
lamina mesophyll leaf water. Multiplying both sides of equation ( 4.4) by RL and 
dividing through by R s, the 180/160 of source water, then scaling to per mil, gives the 
following result: 
f:isuc =1.027!:iL +27%o, (4.5) 
which describes the assumed relationship between 180 enrichment of sucrose exported 
in the phloem sap and 180 enrichment of average lamina leaf water. In the present 
study, I extended this assumption to the sum total of all organic molecules exported in 
the phloem sap, not just sucrose. 
The term Px in equation ( 4.3) allows for the possibility that some enriched water 
will be translocated in the phloem to the sink tissue along with sucrose, thereby altering 
180/160 of the medium water with which organic molecules exchange to a value 
somewhat more enriched in 180 than source water. Little is known _about the isotopic 
composition of phloem water exported from photosynthesizing leaves; however, this 
may be an important component in the quantitative assessment of processes 
contributing to the oxygen isotope composition of plant organic material and plant 
cellulose. 
I had two primary objectives in this investigation: the first was to test the 
assumption articulated in equation ( 4.5) that exported photosynthate is in oxygen 
isotope equilibrium with average lamina leaf water; the second was to characterize the 
oxygen isotope composition of phloem water exported along with photosynthate from 
photosynthesizing leaves, particularly in relation to that of source water and average 
lamina leaf water. Measurements were conducted on phloem sap and leaf water 
sainples collected from Ricinus communis L. An earlier paper reported observations of 
180 t1 60 . hl d 
. . h 1 1n p oem sap ry matter of R. communis, and made compansons wit 
predicted 180 / 160 of lamina leaf water (Barbour et al. 2000). This chapter goes beyond 
those results by providing a direct comparison between measured lamina leaf water 
180 /1 60 and measured phloem sap dry matter 180/1 60; additionally, I report 
observations of phloe1n water 180 /1 60 , which was not 1neasured in the earlier paper. 
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4.3. Materials and Methods 
I conducted four experiments aimed at achieving these objectives. For all four 
experiments, Ricinus communis L. plants were grown from seeds for six to 10 weeks in 
10 L pots containing sterilized potting mix and a slow release fertilizer (Scotts 
. Osmocote Plus, Sierra Horticultural Products, Heerlen, The Netherlands). Plants were 
grown in a temperature and humidity controlled glasshouse; daytime temperature and 
humidity were 27 + 2°C and 40 + 10%, respectively. Nighttime temperature was 20°C 
with the same humidity as for the daytime. Plants were approximately one meter tall at 
the time of sampling. 
4.3.1. Glasshouse experiment 1 
Experiment 1 was conducted in the glasshouse and will be termed Glasshouse 1. 
In this experiment, the variables necessary for parameterization of the ~ e model 
[equation (4.1)] were measured for the leaf that was the youngest fully expanded at the 
time of sampling (usually the sixth leaf up from the base of the plant) . Stomatal 
conductance was measured with an LI-6400 portable photosynthesis system (Li-Cor 
Inc., Lincoln, NE, USA). Leaf temperature was measured under ambient conditions 
with a 0.13 mm diameter chromel-constantan thermocouple (Omega Engineering, 
Stamford, CT, USA). Relative humidity in the vicinity of the leaf was measured with a 
temperature and humidity probe (Humitter SOY, Vaisala Inc., Helsinki, Finland). 
Irrigation water on the day of measurement and atmospheric water vapor inside the 
glasshouse were collected; vapor was collected by drawing air through a dry ice-ethanol 
cold trap at a flow rate of approximately 1 L min-1• Phloem sap was then obtained from 
the leaf petiole by making a 1 to 2 mm deep incision with a sharp razor blade and 
immediately attracting the exuding sap into a micro capillary tube. The process was 
repeated until approximately 30 µL of sap was obtained. The leaf was then harvested 
for leaf water extraction. In Glasshouse 1, the leaf lamina was quickly separated from 
the primary vein network by cutting around the primary veins with scissors. The leaf 
lamina was then immediately sealed in a glass tube by a rubber stopper embedded in a 
screw cap. Finally, phloem sap was collected from the stem at the base of the plant in 
the manner described for the leaf petiole. All samples were frozen on dry ice 
immediately upon collection. Leaf lamina water was later extracted by vacuum 
distillation. Glasshouse 1 was repeated on eight plants over the course of three days in 
September 2002. 
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4. 3.2. Leaf chamber experiment 1 
The second experiment, which was conducted in a leaf chamber connected to a 
gas exchange system in the laboratory, will be termed Leaf Chamber 1. The gas 
exchange system has been described previously (Boyer et al. 1997; Barbour et al. 
2000), except one modification: a large chamber ( 60 x 50 x 10 cm) was constructed to 
accommodate the large leaves of R. communis. The projected leaf areas for leaves 
measured in this experiment ranged from 329 to 808 cm2 . A bypass drying loop was 
connected to the chamber, such that chamber air was continuously cycled through a 
series of dry ice-ethanol cold traps at a rate of up to 45 L min-1 to remove water vapor 
and prevent condensation within the system. The through-flow rate of air in the 
chamber ranged from 2 to 8 L min-1. In Leaf Chamber 1, the water captured in the traps 
was collected for isotopic analysis. Importantly, the traps were not efficient enough to 
remove all of the vapor from the air stream, such that a small amount was recycled to 
the chamber after passage through the bypass drying loop. 
For Leaf Chamber 1, an R. communis plant was brought into the laboratory on 
the evening before measurements were to take place and placed under illumination 
overnight to stimulate phloem sap bleeding the next day. In the morning a leaf was 
placed in the chamber and gas exchange was monitored. The CO2 concentration inside 
the chamber was maintained at approximately 400 µmol mor 1. Irradiance was 
approximately 500 µm ol PAR m-2 s-1. Leaf temperature was measured by eight 
thermocouples positioned at various places on the underside of the leaf. After the leaf 
had reached a steady state with respect to CO2 and water vapor exchange, it was left in 
the chamber for at least four hours. In a previous experiment with R. communis, 
Barbour et al. (2000) found that under very similar conditions, it took approximately 
three hours for phloem sap sucrose bled from the leaf petiole to come to a constant 
oxygen isotope ratio after a step change in the vapor pressure of chamber air. After 4 
hours at steady state, approximately 30 µL of phloem sap was collected from the leaf 
petiole where it emerged from the chamber. The chamber lid was then removed, and 
the leaf lamina quickly separated from the primary vein network with scissors and 
sealed in a glass tube. Leaf water was later extracted from the leaf lamina by vacuum 
distillation. Leaf Chamber 1 was repeated on five plants during December 2002. Leaf 
temperatures were varied (from 22 to 30°C), as was the flow rate through the bypass 
drying loop, such that a range in values of ea/ ei was obtained among different leaves. 
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This was done so that the relationships between 180 enrichment in phloem sap and ~L 
could be assessed over a range of ~L values. 
After Glasshouse 1 and Leaf Chamber 1 had been completed, I conducted an 
experiment to determine whether my method of leaf lamina sampling might be biasing 
the leaf water isotopic analyses due to evaporation from the leaf lamina during 
separation from the primary veins. The R. communis leaves that I sampled typically had 
nine primary veins radiating from the point where the petiole joined the leaf; it 
generally took two to three minutes to cut around them with a pair of scissors. To test 
for bias in the sampling procedure, I installed a balance in the glasshouse and 
determined the fresh weight of a leaf immediately after separating it from a plant. The 
lamina was then separated from the primary veins as had been done for Glasshouse 1 
and Leaf Chamber 1. The veins and lamina were then placed together on the balance 
and their combined weight determined. This was repeated for 10 leaves from each of 
10 plants. I calculated that the total mass of water in the leaves decreased by 8.5 + 2.5% 
(mean+ lSD, n=lO) during the time taken for lamina/primary vein separation; it was 
therefore judged likely that the leaf water sampling method had biased the leaf water 
isotopic analyses in Glasshouse 1 and Leaf Chamber 1. 
4.3.3. Glasshouse experiment 2 
The glasshouse experiment was then repeated, and this will be termed 
Glasshouse 2. For Glasshouse 2, the same procedure was followed as for Glasshouse 1, 
except that stomatal conductance was measured with an Li-1600 steady state porometer 
(Li-Cor Inc., Lincoln, NE, USA), and leaf temperature was measured with an infrared 
thermometer (Infracouple Model M50, Mikron Instruments, Oakland, NJ, USA). For 
leaf water sampling in Glasshouse 2, the entire leaf including the primary veins was 
immediately sealed in a glass tube and frozen. The primary vein network was then 
separated with scissors from five independent leaves for which the parameters 
necessary for predicting ~e had been measured. I calculated the proportion of leaf water 
associated with primary veins by assuming that no evaporation had taken place from the 
veins during separation from lamina for the leaves for which the mass was weighed 
before and after vein/lamina separation. The proportion of total leaf water associated 
with the primary veins was 0.22 + 0.02 (mean+ lSD, n=lO) . Water was then extracted 
from the whole leaves and from the independently isolated veins by vacuum distillation. 
The enrichment of the primary vein water was measured and expressed as a proportion 
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of ~e; the mean value was 0.04 + 0.08 (mean+ lSD, n=5). The ~L for the leaf lamina of 
the whole leaves was then calculated by mass balance assuming the primary veins 
accounted for 22% of the total leaf water and had an enrichment of 0.04~e- Glasshouse 
2 was repeated on nine plants over the course of three days in January 2003. 
4. 3. 4. Leaf chamber experiment 2 
The leaf chamber experiment was also repeated and this experiment will be 
termed Leaf Chamber 2. Oxygen isotope analyses of the water vapor collected in the 
cold traps in the bypass drying loop in Leaf Chamber 1 indicated some fractionation of 
vapor in the air stream during passage through the traps; i.e. vapor retained in trap 1 was 
isotopically depleted compared to vapor retained in trap 2, etc. Because the proportion 
of vapor removed by the traps was slightly less than unity, the air inside the chamber 
was expected to contain vapor slightly enriched compared to source water. Therefore in 
Leaf Chamber 2, water vapor was collected for measurement of ~v from the air stream 
exiting the chamber en route to the IRGA. The flow rate of air through this dry ice-
ethanol cold trap was 0.5 to 1 L min-1, such that complete trapping of the vapor was 
easily achieved. I used the average value of ~ v obtained from these measurements for 
calculations of ~e for leaves measured in Leaf Chamber 1; the average value was 1.2 + 
1.1 %0 (mean + 1 SD; n=5). In Leaf Chamber 2, after a leaf had been in the chamber 
under steady-state conditions for at least 4 hours, the chamber lid was removed and the 
leaf was immediately severed from the petiole and submerged in a bath of toluene. A 
scalpel was then used to separate the leaf lamina from the primary veins while at the 
same time ensuring that the leaf remained below the toluene surface. The lamina 
samples were then stored in reagent bottles filled with toluene until the leaf water could 
be extracted by azeotropic distillation (Revesz and Woods 1990). This procedure 
ensured a complete transfer of the lamina water without loss by evaporation during the 
sampling process. Leaf Chamber 2 was the same as Leaf Chamber 1 in all other aspects 
and was repeated on five plants during March 2003. 
4.3.5. Isotopic analyses 
Oxygen isotope ratios of water and dry matter samples were measured using the 
on-line pyrolysis method described by Farquhar et al. (1997). Analyses were conducted 
in an Isochrom mass spectrometer (Micromass, Manchester, UK) following pyrolysis in 
a Carlo Erba elemental analyzer (CE Instruments, Milan, Italy) or in a custom built 
66 
•• 
Chapter 4 
furnace at 1200°C with a glassy carbon tube. Phloem sap dry matter was obtained by 
drying the sap samples overnight at 60°C in smooth walled tin cups. The cups were 
then sealed under argon immediately upon removal from the drying oven to prevent 
hydration of the samples by water vapor in the ambient air (Chapter 3). The oxygen 
isotope composition of phloem sap water was measured as described previously 
(Chapter 2), using the technique developed by Gan et al. (in press) for the determination 
of 180/160 of the water component of a homogenous mixture of water and dry matter. 
Oxygen isotope ratios were obtained in delta (8) notation, referenced against Vienna 
Standard Mean Ocean Water. The 8180 values for water and dry matter were then 
converted to enrichment above source water (~x) by the relationship ~x=(8x-8s)/(1 +8s), 
where 8x is the 8180 of the sample of interest and 8s is that of source water. The 8s 
values were obtained by analysis of the irrigation water on the day of leaf water and 
phloem sap collection. Analytical precision for 8180 analyses, based on repeated 
measurements of laboratory standards for sucrose and water, was +0.3%o. 
I tested for differences among experiments in the terms l-~J ~e and 1-~suc-J ~e 
with analyses of variance. The term ~suc-L refers to the water enrichment value inferred 
by subtracting 27%0 from ~sue and dividing by 1.027, as prescribed by equation (4.5). 
Differences among individual experiments were then assessed with Tukey' s method for 
pair-wise comparisons. Variation between phloem sap collections made from leaf 
petioles and stem bases in Glasshouse 1 and Glasshouse 2 were assessed with paired t-
tests. Statistical analyses took place in SYSTAT 9.0 (SPSS Inc., Chicago, IL, USA). 
4.4. Results 
4.4.1. Enrichment of18O in leaf water and phloem sap dry matter 
The observed leaf lamina water 180 enrichment (~L) for all four experiments is 
shown in Figure 4. lA plotted against the predicted evaporative site enrichment (~e). 
Viewing the data in this way reveals a clear separation between the experiments in 
which the leaf lamina was separated from the primary veins in the open air ( open 
syinbols in Figure 4. lA), and that in which ~L was calculated indirectly after extraction 
of the total leaf water ( closed circles in Figure 4. lA), or in which the lamina was 
separated from the primary veins while submerged in toluene ( closed triangles in Figure 
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Figure 4.1. (A) O;rygen isotope enrichment of average lamina leaf water (LlJ plotted against 
predicted evaporative site enrichment ( LleJ for leaves of Ricinus communis,· different symbols 
refer to different experiments that employed different methods for sampling LlL. (B) Oxygen 
isotope enrichment of phloem sap dry matter (Ll511J for phloem sap collected from petioles of 
photo ynthesizing leaves of R. communis plotted against Lle. The line drawn is that expected if 
exported photosynthate was in oxygen isotope equilibrium with evaporative site water. (C) 
Oxygen isotope enrichment of phloem water (Llp¾) collected from petioles of photosynthesizing 
leaves of R. communis plotted against Lle. 
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Table 4.1. Mean values among experiments for the proportional deviation of observed lamina 
leaf water 180 enrichment from predicted evaporative site enrichment (1-L'.ldL'.le), and for the 
proportional deviation of lamina leaf water enrichment inferred from phloem sap sucrose from 
predicted evaporative site enrichment (1-L'.lsuc-U L'.le)- Values are expressed as mean + 1 SD for 
each experiment, followed in parentheses by the number of plants sampled. Values within a 
row followed by different letters are significantly different at P<0. 05. 
Glasshouse 
experiment 1 
Glasshouse 
experiment 2 
Leaf chamber 
experiment 1 
Leaf chamber 
experiment 2 
0.13 + 0.05 (8) a 0.33 + 0.04 (9) b 0.16 + 0.08 (5) a 0.25 + 0.04 (5) b 
0.33 + 0.07 (8) a 0.43 + 0.07 (9) c 0.20 + 0.06 (5) b 0.26 + 0.02 (5) ab 
4. lA). Mean values from each of the experiments for the proportional deviation of the 
observed LiL from the predicted Lie (l-LiJ Lie) are given in Table 4.1, along with the 
results of an analysis of variance. Table 4.1 indicates that 1-LiJ Lie for Glasshouse 1 and 
Leaf Chainber 1 differs significantly from that for Glasshouse 2 and Leaf Chamber 2. 
This result confirmed my previous assessment that separation of primary veins from 
leaf lamina in the open air caused a bias in the analyses of LiL in Glasshouse 1 and Leaf 
Chamber 1. 
The observed 180 enriclunent in phloem sap dry ;matter (Lisuc) for all experiments 
is shown plotted against the Lie in Figure 4. lB. The solid line in Figure 4. lB represents 
the relationship that would be expected if sucrose exported from R. communis leaves 
was in full isotopic equilibrium with evaporative site water. The Figure shows that Lisuc 
for measurements made in the glasshouse (open and closed circles in Figure 4.lB) was 
generally lower in relation to Lie than that for measurements made in the leaf chamber 
( open and closed triangles in Figure 4.1 B}. This observation is also apparent in the 
analysis of variance results for 1-Lisuc-J Lie (Table 4.1 ). Table 4.1 shows that 1-Lisuc-J Lie 
for Glasshouse 2 was higher than for either Leaf Chamber 1 or Leaf Chamber 2, and 
that 1-Lisuc-J Lie for Glasshouse 1 was higher than for Leaf Chamber 1. I attribute these 
differences to non-steady state conditions in the glasshouse that caused the Lie and LiL 
1neasured at the time when I intercepted organic molecules in the petiole phloem sap to 
differ from the Lie and LiL that existed previously at the time when those organic 
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molecules were synthesized in the leaf lamina. Specifically, there was a tendency for 
the relative humidity in the glasshouse to decrease from morning to afternoon, and this 
pattern was particularly apparent during sampling for Glasshouse 2; on the three 
sampling days for Glasshouse 2 the relative humidity decreased by up to 10% from 
mid-morning to mid-afternoon. This caused a sampling bias resulting 1n an 
overestimate of 1-~suc-J ~e that was particularly pronounced in Glasshouse 2. 
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Figure 4.2. Oxygen isotope enrichment measured in phloem sap dry matter ( L1suc) 
exported from photosynthesizing Ricinus communis leaves plotted against the observed 
lamina leaf water enrichment ( L1i); both were sampled after the leaf was placed in a gas 
exchange cuvette under steady state conditions for approximately 4 hours. Assuming 
an equilibrium isotope effect between organic molecules and water of 1.027, the 
expected relationship between L1suc and L1i is L1suc= 1. 027 L1i + 27%0. The equation on the 
graph shows the observed relationship, which matches this prediction almost exactly. 
70 
•• 
Chapter 4 
Based on the above results, I concluded that there was only one experiment that 
produced reliable data describing the relationship between L1L and L1suc, and this was 
Leaf Chamber 2. The results for L1suc in relation to L1L for Leaf Chamber 2 are shown in 
Figure 4.2. The regression line drawn through the data (L1suc=l.025L1L+27.05%o; 
R2=0.94, n=5) shows that the observed relationship matches almost exactly that 
expected if exported organic molecules are in full isotopic equilibrium with average 
lamina leaf water with a 0 =1.027. The L1L values observed in Leaf Chamber 2 ranged 
from 14.3 to 22.1 %0, with a mean value of 16.9%0. Corresponding values for L1e ranged 
from 18.0 to 28.9%0, with a meari of 22.7%0. Differences between L1e and L1L ranged 
from 3.7 to 6.8%0, with a mean of 5.8%0. The relationship between L1L and L1e was 
L1L =0.77 L1e-0.46%o (R2=0.90, P=0.009, n=5). The intercept of -0.46%0 was not 
significantly different from zero (P-0.88), confirming the expectation that there should 
be no enrichment in the leaf lamina water when L1e is zero. 
The oxygen isotope composition of phloem sap dry matter collected in the 
glasshouse from leaf petioles did not differ from that collected concurrently from stem 
bases (P=0.85, n=l 7). This observation confirms that there is no exchange of oxygen 
atoms in sucrose with those of phloem water during translocation. This is the expected 
result because the sucrose molecule contains no carbonyl bonds. 
Transpiration rates for Glasshouse 1 ranged from 3.6 to 5.8 mmol m-2 s-1, with a 
mean of 4.7. Those for Glasshouse 2 were slightly higher, ranging from 4.0 to 6.5 
1nmol m-2 s-1, with a 1nean of 5.6. For Leaf Chamber 1,_ transpiration rates ranged from 
3.4 to 13.9 mmol m-2 s-1, with a mean of 8.9. Finally, for Leaf Chamber 2, the range 
was from 4.3 to 8.0 mmol m-2 s-1, with a mean of 6.3. Transpiration rate was not 
significantly correlated with l-!1J L1e or with 1-11suc-J L1e within individual experiments, 
or ainong all experiments. However, although the results were not statistically 
significant, the two leaf chamber experiments in which measurements were made over a 
range of vapor pressure deficits did show positive relationships between l-11J L1e and l -
L1suc-J 11e and transpiration rate. For Leaf Chamber 1, the correlation coefficient between 
l-11J 11e and transpiration rate was 0.53 (P=0.35, n=5), and that between 1-11suc-J 11e and 
transpiration rate was 0.74 (P=0.15, n=5). For Leaf Chamber 2, the correlation 
coefficient between l-L1J 11e and transpiration rate was 0.49 (P=0.40, n=5), and that 
between 1-Lisuc-J 11e and transpiration rate was 0.80 (P=0.10, n=5). 
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4.4.2. Enrichment o/18O in phloem water 
The mean phloem water enrichment (~pw) across all experiments for phloem sap 
collected from leaf petioles was 4.0 + 1.5%0 (mean+ lSD, n=27), with values ranging 
from 1.5 to 7 .2%o (Figure 4.1 C). There was no significant variation among experiments 
in petiole ~pw (P=0.10, n=27). The mean value for petiole ~pw expressed as a 
proportion of ~e was 0.18 + 0.07. Expressed as a proportion of ~L, mean petiole ~pw 
was 0.24 + 0.09. When I converted the petiole sap ~sue values to average lamina leaf 
water enrichment values (~suc-L) using equation (4.5) and a 0=1.027, ~pw expressed as a 
proportion of ~suc-L was 0.28 + 0.13. I did not observe significant correlations between 
petiole ~pw and ~e, ~L, or ~suc-L· 
The mean ~pw for phloem sap collected from the bases of stems was 3 .4 + 1.2%0 
(mean+ lSD, n=l 7). This ~pw value was significantly less than the corresponding t..pw 
value for petiole sap collected concurrently (P=0.002, n=l 7); the mean difference 
between ~pw for petioles and t..pw for stem bases from the same plants was 1.1 %0. Stem 
base ~pw expressed as a proportion of petiole ~pw was 0.79 + 0.27, and the two were 
significantly and positively correlated (r=0.59, P=0.01 , n=l 7). With the two expressed 
as proportions of their respective values for t..suc-L, the difference was still significant 
(P=0.008, n=l 7), suggesting that the difference in ~pw between petioles and stem bases 
was not the result of non-steady state effects in the glasshouse. 
4.5. Discussion 
I tested the assumption that organic molecules exported in the phloem from 
photosynthesizing R. communis leaves are in full oxygen isotope equilibrium with 
average lamina leaf water. After my sampling technique had been appropriately 
improved, I found that this assumption held surprisingly well. · I also observed that 
water exported in the phloem sap from photosynthesizing leaves was enriched 
compared to source water; however, the degree of enrichment was much less than that 
observed for the average lamina leaf water. Enrichment in the phloem water persisted 
during translocation within the plant, as evidenced by phloem water collected from stem 
bases also showing an enrichment relative to source water. Phloem water enrichment at 
the stem base was approximately 0.8 times that in the leaf petioles, possibly indicating 
some mixing of phloem water with xylem water during translocation. 
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I observed that flL was less than lie for all of the leaves that I sampled, including 
those observations where observed flL was likely overestimated due to evaporation 
during lamina/vein separation (Figure 4.1 A). Having bulk leaf water less enriched than 
predicted evaporative site water is a common feature among most leaf water 
investigations (Flanagan 1993). This trend has been attributed by different authors to 
the presence of unfractionated vein water in the bulk leaf water (Leaney et al. 1985), 
isotopic gradients within the leaf caused by the interplay between advection and 
diffusion of isotopically heavy molecules (Farquhar and Lloyd 1993), and 
compartmentation and incomplete mixing of the bulk leaf water (Y akir et al. 1989). 
Because chloroplasts are located close to evaporating surfaces, it has been suggested 
that chloroplast water should show an enrichment closer to lie than to flL, or somewhere 
between lie and flL (Farquhar et al. 1993); however, another study suggested that the 
enriclnnent of chloroplast water may in fact be very close to flL, or that it might even lie 
somewhere between flL and source water (Yakir et al. 1994). Thus, there remains 
considerable interest in resolving the precise isotopic signature of chloroplast water, and 
additionally in relating that to the isotopic signature of organic molecules exported from 
photosynthesizing leaves (Farquhar et al. 1998; Yakir 1998). 
The initial products of the calvin cycle are expected to reflect nearly complete 
oxygen isotope exchange with chloroplast water (Farquhar et al. 1998; Barbour et al. in 
press-a). Upon export from the chloroplast, oxygen atoms in intermediate molecules in 
the sucrose synthesis pathway may undergo further exchange with cytosolic water. 
Farquhar et al. (1998) estimated that approximately 1/3 of the oxygen atoms that 
eventually become non-exchangeable in sucrose would have had opportunity to 
exchange with cytosolic water while in carbonyl groups of hexose phosphates. Thus, to 
a first approximation, oxygen atoms in sucrose should reflect ~ 2/3 chloroplast water 
and ~ 1/3 cytosolic water. it follows that one might expect the isotopic composition of 
sucrose exported from photosynthesizing leaves to have a signature closer to flL than to 
lie. Barbour et al. (2000) provided preliminary evidence for such a pattern by observing 
that sucrose exported from R. communis leaves carried an isotopic signature less 
enriched than would be the case for equilibrium with lie; moreover, the difference 
between flsuc and fle increased with increasing ea/ei, as would be expected if flsuc 
reflected flL. However, Barbour et al. (2000) did not sample the leaf water itself, only 
the sucrose exported from the leaf. Thus, the data presented in Figure 4.2 provide the 
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first direct evidence that the enrichment of exported organic molecules is indeed very 
near, if not exactly, that expected for equilibrium with 6L, 
In addition to sucrose, phloem sap of R. communis also contains amino acids 
and organic acids, as well as inorganic anions and cations (Hall and Baker 1972). Hall 
and Baker (1972) reported that sucrose comprised 80 to 90% of the phloem sap dry 
matter, with a concentration of approximately 270 mM. The total amino acid 
concentration was approximately 3 5 mM, and the organic acid concentration, made up 
mainly of malic acid, was approximately 19 mM. These compounds should comprise 
almost all of the oxygen in the phloem sap dry matter of R. communis. My 
measurements indicate that the sum total of all of these compounds is in oxygen isotope 
equilibrium with average lamina leaf water. Preliminary measurements indicate little or 
no difference in oxygen isotope composition between sucrose purified from R. 
communis phloem sap and the bulk sap dry matter (L. Cemusak, unpublished data). 
Nonetheless, it may prove interesting to examine the organic components of the sap 
individually to determine whether there are subtle differences in the oxygen isotope 
signature carried by each of them. 
Calculation of the lamina radial Peclet number in equation ( 4.2) requrres 
estimation of L, the scaled effective path length over which mixing of evaporatively 
enriched water with unenriched source water occurs within the leaf lamina. This term is 
difficult to quantify from leaf anatomy alone. In practice, L values are estimated from 
the discrepancy between 6L and 6 e while the leaf is at isotopic steady state. Assuming 
6 suc reflected 6L, Barbour et al. (2000) estimated that L for R. communis was 13.5 mm. 
Using data for 6L and 6e from Leaf Chamber 2, I estimate that L for the R. communis 
plants that I measured was 15.0 + 3 .5 mm (mean + lSD, n=5), in reasonably good 
agreement \ ith the estimate of Barbour et al. (2000) based on measurements of 6 suc and 
e· Ho\ ever to make my estimate strictly comparable to that of Barbour et al. (2000) 
I repeated the calculation using the pre iously accepted values of 28 and 19%0 for 
kinetic fractionation during water vapor diffusion through the stomata and boundary 
la er recalculation of e ,vith these alues for Ek yielded an estimate for L of 11.1 + 2.6 
mm. 
Equation ( 4.2) predicts that the proportional discrepancy between 6 L and 6.e 
hould increase , ith increasing transpiration rate. I did not observe statistically 
ignificant aria ti on bet\ een 1- L/ e and transpiration rate, or between 1-6.suc-J 6.e and 
tran piration rate although the data did trend toward po iti e correlations with 
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transpiration rate for both parameters. However, my experiments were not aimed 
specifically at investigating these relationships. Because my aim was to assess 
relationships between ~L and ~pw and ~sue, it was necessary to harvest leaves 
immediately after collection of the phloem sap. A more appropriate experiment for 
assessing the relationship between 1-~suc-J ~e and transpiration rate is to expose the 
same leaf to different vapor pressures deficits while collecting phloem sap, as done by 
Barbour et al. (2000). This allows any variation caused by anatomical differences 
among leaves to be removed from the data set, thereby enabling a more powerful 
analysis of the relationship between 1-~suc-J ~e and transpiration rate. For the 
experiment conducted in this way, Barbour et al. (2000) observed that indeed 1-~suc-J ~e 
did increase significantly with increasing transpiration rate in R. communis. 
I found that separating the leaf lamina from the primary veins in R. communis in 
the open air in Glasshouse 1 and Leaf Chamber 1 led to significant overestimation of 
~L· Because there is significant spatial variation in ~L across the leaf lamina of 
dicotyledonous leaves (Wang and Y akir 1995; Gan et al. 2002), and because I was 
interested in sampling the average ~L for the entire leaf, separation of the entire leaf 
lamina from the primary vein network was necessary. This would probably not be the 
case in many comparative leaf water studies. Gan et al. (2002) concluded that the vein 
network is an integral part of the leaf water system and that comparative studies would 
be best conducted on total leaf water without separation of the primary veins. Such a 
sampling strategy would also avoid possible biases caused by evaporation during vein 
removal, and therefore may be worth considering. In my study, however, I was 
interested in sampling the lamina water specifically, so that it was necessary to 
somehow remove or factor out the influence of the primary veins. 
In Glasshouse 2, I sampled total leaf water then subsequently factored out the 
influence of the primary veins based on independent measurements of the proportion of 
vein water contained in primary veins and its oxygen isotope enrichment relative to 
source water. Total leaf water (~L-totaI) showed an average enrichment of 11.9 + 0.8%0 
(mean+ lSD, n=9), and a proportional difference from ~e (1-~L-totail~e) of 0.47 + 0.03. 
This can be compared to a value of 1-~L-totail ~ e for Gossypium hirsutum sampled under 
essentially similar conditions of approximately 0.30 (Gan et al. 2002). The enrichment 
value that I observed in the primary vein water of 0.04~e was similar to that observed 
for G. hirsutum; however, the proportion of total leaf water associated with primary 
veins was higher in R. communis, estimated at 22%, as opposed to 15% for G. hirsutum 
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(Gan et al. 2002). Also, my calculations of ,6.e used the newly revised, higher 
:fractionation factors for calculation of Ek. Using the previous, lower values for 
calculating ,6.e resulted in an esti1nate for 1-,6.L-totaif ,6.e for R. communis of 0.42 + 0.03. 
I noted in the introduction that equation ( 4.1) is a convenient approximation of 
the mathematically correct form of the modified Craig-Gordon equation (Craig and 
Gordon 1965; Farquhar and Lloyd 1993), which is given in the Appendix as equation 
(A4.3). As discussed by Farquhar et al. (1998), the modified Craig-Gordon equation is 
itself an approximation of the evaporative site 180 enrichment in a leaf because it does 
not consider the additions of oxygen to the leaf water by CO2 uptake and respiration, or 
losses by the Hill reaction and sucrose export. It was shown that under normal 
conditions these corrections are very small (Farquhar et al. 1998); however, the effect 
of export of enriched phloem water from the leaf was not considered. An equation is 
derived in the Appendix of this chapter to examine the effect of phloem water export on 
the ,6.e calculations that I performed. I estimated the phloem water flux out of the leaf 
from the concentration of water in the phloem sap relative to dry 1natter, and by 
assuming that the carbon export in phloem sap dry matter was equal to carbon uptake 
by photosynthesis . For Leaf Chamber 2, I found that the difference in calculating ,6.e 
without taking account of phloem water export, as opposed to with taking account of 
phloem water export, was 0.05 + 0.03%0 (mean + lSD, n=5). This bias is very small, 
and partially compensates for the bias arising from the use of equation ( 4.1) in place of 
equation (A4.3). If the phloem water enrichment is hypothetically increased to 6%0 for 
the plants measured in Leaf Chamber 2 ( a value well within the range of ,6.pw that I 
observed for R. communis), with all other conditions remaining the same as measured in 
Leaf Chamber 2, the export of enriched phloem water exactly compensates for the bias 
introduced by the use of equation ( 4.1 ). In this context, the bias arising from the use of 
equation ( 4.1 ), in place of its mathematically correct antecedent, does seem truly 
negligible. 
There are few reports on the oxygen isotope composition of phloem water. Adar 
et al. (1995) reported 8180 values for phloem water, xylem water, and leaf water of a 
tamarisk tree growing in the Negev Desert, Israel. Calculation of ,6.pw and ,6.L from their 
data gives values of 13 .4 and 27 .8%0, respectively; this yields a value for ,6.pwl ,6.L of 0.48. 
Calculation of ,6.pwl ,6.L for phloe1n water collected from pod tips of Lupinus angustifolius 
at midday yields a value of 0.66 (Chapter 2). These values can be compared to the 
n1ean value that I observed in R. communis for ,6.pwl ,6.suc-L of 0.28. Expressing ,6.pw as a 
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proportion of ~suc-L, as opposed to observed ~L, accounts for possible non-steady state 
effects irt Glasshouse 1 and Glasshouse 2, and bias in ~L measurements in Glasshouse 1 
and Leaf Chamber 1, assuming that water and dry matter are transported together by 
bulk flow in the phloem (Munch 1930). Thus, there appears to be a rather large range 
of values for ~pwl ~L among the three species for which data are so far available .. These 
differences may be caused by variation in phloem loading mechanisms, vein structure in 
leaves, or sieve tube permeability. In the case of Lupinus angustifolius, physiological 
processes in the fruits may also have influenced the observed ~pw· 
The significance of ~pw for interpreting oxygen isotope variations 1n plant 
organic material and plant cellulose lies in its potential influence on the oxygen isotope 
composition of water in developing sink tissues; it is this water pool with which a 
proportion of oxygen originating in sucrose will exchange during new tissue synthesis. 
Evidence of this concept was demonstrated for developing seeds in Lupinus 
angustifolius (Chapter 2); seed water was enriched by 9.2 + 1.2%0 (mean+ lSD, n=l5) 
compared to xylem water. Estimates of the proportion of water in developing cells 
originating from phloem range from 50 to 80% (Schmalstig and Cosgrove 1990; Bret-
Harte and Silk 1994; Pritchard et al. 2000). Thus, when water and organic molecules 
are unloaded together from phloem into sink tissues, the isotopic composition of water 
in the developing cells may differ substantially from source water. The term Px in 
equation ( 4.3) allows this effect to be incorporated when modeling 180 enrichment of 
organic material and cellulose, as described by Barbour and Farquhar (2000). An 
analogous term does not exist in other models of 180 enrichtnent. For example, the tree 
ring model proposed by Roden et al. (2000) contains no term that could account an 
influence of ~pw• This may be an important omission given the observation of Adar et 
al. (1995) that phloem water in stems and roots of tamarisk trees can be enriched by as 
much a~ 14%0 compared to xylem water. 
Gan et al. (2002) measured 180 enrichment in the veins of G. hirsutum and 
found that xylem water near the ends of second order veins could be enriched by as 
much as 0.19~e- The mean value of ~pw that I observed across all experiments was 
0.18~e ( or 0.20~e, if calculating ~e with the previously accepted values for Ek)- The 
coincidence of these two numbers suggests that the xylem of second and possibly third 
order veins could be the source of water for phloem translocation out of dicotyledonous 
leaves. I acknowledge, however, that the situation may well be more complicated, 
particularly considering the structural and physiological complexities of phloem loading 
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(Wang and Canny 1985; van Bel 1993). Additionally, the measurements -of Gan et al. 
(2002), and theory developed by Farquhar and Gan (2003), suggest that vein water 
enrichment, when expressed as a proportion of Lie, will change with variation in 
transpiration rate and variation in Lie. Thus, there may not be a unique relationship 
between vein water enrichment in higher order veins of the leaf lamina and Lie or liL. 
This may explain why I failed to observe significant correlations between lipw and Lie, 
li L, Or lisuc-L• 
In conclusion, organic molecules (mainly sucrose) exported from 
photosynthesizing R. communis leaves had an isotopic signature that reflected almost 
exactly that of the average lamina leaf water, assuming an equilibrium isotope effect for 
oxygen exchange between organic molecules and water of 1.027. Phloem sap water 
collected from leaf petioles was enriched co1npared to source water, as was phloem sap 
water collected from stem bases. The average petiole phloem water enrichment was 
4%o, or approximately 0.28 times that inferred for the average lamina leaf water at the 
time of phloem loading. Phloem water collected from stem bases showed an 
enrichment that was approximately 0.8 times that observed for leaf petioles, possibly 
indicating so1ne mixing between phloem water and xylem water during translocation 
between leaf petioles and stem bases. These results have implications for the prediction 
and interpretation of oxygen isotope enrichment in plant dry matter and plant cellulose. 
4.6. Appendix: including phloem water export in the calculation of ~e 
I start with an intermediate equation in the derivation of the modified Craig-
Gordon equation [ for a recent example of the derivation to this point, see Farquhar and 
Gan (2003)]: 
Re=a+la{l~::}E+ Rv ::l, (A4.1) 
where Re is 180 / 160 of evaporative site water, a+ is the equilibrium isotope effect 
associated with evaporation, ak is the kinetic isotope effect associated with diffusion, RE 
is 180 / 160 of transpired water, Rv is 180 / 160 of vapor and eaf ei is the ratio of ambient to 
intercellular vapor pressures. Following the derivation of Craig and Gordon (1965), in 
the steady state RE can be replaced by Rs, the 180/160 of source water: 
R =a+la ( 1-!!__g__JR +R !!__g__] e k s v · 
e. e-1 l 
(A4.2) 
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Dividing both sides of the eqution by Rs gives (Farquhar and Lloyd 1993) 
£le = (1 + £ + l 1 + £ k + (llv - S k) :: l-1 , (A4.3) 
which is the mathematically correct form of the modified Craig-Gordon equation that is 
conveniently approximated by equation ( 4.1) of the main text. To include the effect of 
the export of enriched phloem water in the calculation of L1e, I define the flux of water · 
from the soil into the plant (Js) as 
(A4.4) 
where E is the transpiration rate and P is the flux of water from the leaf into the phloem 
(strictly that which goes into growth, and does not recycle back into xylem). The 
analogous flux for H2 18O is given by 
(A4.5) 
where Rp is 180 /160 of phloem water. I define the isotope effect for phloem water 
enrichment ( ap) with respect to Rs: 
. RP 
aP =-=l+L1pw, 
Rs 
(A4.6) 
such that ap> 1. Substituting from equations (A4.4) and (A4.6), equation (A4.5) can be 
rewritten as 
(A4.7) 
where p PIE. Equation (A4.7) indicates that the isotope ratio of transpired water will 
be slightly less than that of source water, due to export of enriched water in the phloem. 
Substituting equation (A4. 7) into equation (A4.1) gives 
Re =a+ { a{l- :: )[R5 (1+ p)-apRsp]+Rv :: } (A4.8) 
Expanding equation (A4.8), rearranging, and substituting from equation (A4.2) gives 
Re = Re -a+ a{l- :: Jll pwRsP , (A4.9) 
where Re is the modified Craig-Gordon expression given in equation (A4.2). Dividing 
equation (A4.9) by Rs gives 
ll e = ll c - a+ a { 1 -:: } ll pw , (A4.10) 
where L1c is the modified Craig-Gordon expression as written 1n equation (A4.3). 
Equation (A4.10) can then be used to calculate evaporative site water enrichment, 
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taking into account the effect of phloem water export. To a close approximation, 
equation (A4.10) can be replaced by 
Lie =Lie -(1- :: } Li pw, (A4.11) 
which is a more convenient form for first approximations aimed at assessing the order 
of magnitude of the effect of phloem water export on ,6.e• Equation (A4.11) 
underestimates the difference between ,6.c and ,6.e by about 4% compared to equation 
(A4.10) . The phloem water flux, P, can be estimated from the photosynthetic rate of 
the leaf and the sucrose concentration of the phloem sap, if one assumes that carbon 
export in the phloem is equal to carbon uptake by photosynthesis, such that P Al S, 
where S is the sucrose concentration of the phloem sap (µmol C mmor1 H20) and A is 
the photosynthetic rate of the leaf (µmol C m-2 s-1). The dimensionless term p is then 
obtained by dividing P by E (mmol H20 m-2 s- 1). I noted in the main text that my 
observations for R. communis indicated that the difference between ,6.c and ,6.e, as 
defined by equation (A4.10), was roughly 0.05%0. A more extreme case can be 
illustrated using the observations of Adar et al. (1995) in which ,6.pw for a Tamarisk tree 
was 13%0. Assuming ,6.c was 30%0 (based on the observation that ,6.L was 28%0), ealei 
was 0.25, and p was 0.05, equation (A4.11) indicates that the difference between ,6.c and 
,6.e would have been 0.5%0, some ten-fold higher than the difference I estimated for R. 
communzs. 
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Chapter 5: Oxygen and carbon isotope composition of 
parasitic plants and their hosts in southwestern Australia 
5.1. Abstract 
I measured leaf dry matter 8180 and 813C in parasitic plants and their hosts 
growing in southwestern Australia. Parasite/host pairs included two mistletoe species, 
three species of holoparasites, and five species of root hemiparasites. Among these . 
parasite functional types, significant variation was observed in parasite/host isotopic 
differences for both 8180 (P<0.0001, n=65) and 813C (P<0.0001, n=64). Mistletoes 
were depleted in both 180 and 13C compared to their hosts; parasite/host differences 
were -4.0%0 for 8180 (P<0.0001) and -1.9%0 for 813C (P<0.0001). The lower 8180 in 
mistletoe leaf dry matter compared to their hosts is consistent with the frequently 
observed high transpiration rates of these parasites. Root hemiparasites were also 
depleted in 180 and 13C compared to their hosts, but not to the same extent as 
mistletoes; parasite/host differences were -1.0%0 for 8180 (P=0.04) and -1.2%0 for 813C 
(P=0.0006). In contrast to mistletoes and root hemiparasites, holoparasites were 
enriched in both 180 and 13C compared to their hosts; parasite/host differences were 
+3.0%o for 8180 (P<0.0001) and+ 1.5%0 for 813C (P=0.02). The enrichment in 180 for 
holoparasite dry matter did not result from more enriched tissue water; holoparasite 
tissue water 8180 was less than host leaf water 8180 by a difference of -3.8%0 when 
sampled at midday (P=0.0003}. Enrichment of holoparasites in 13C compared to their 
hosts is consistent with a generally observed pattern of enrichment in heterotrophic 
plant tissues . Results provide insights into the ecology of parasitic plants 1n 
southwestern Australia; additionally, they provide a context for the formulation of 
specific hypotheses aimed at elucidating mechanisms underlying isotopic variations 
among plants. 
5.2. Introduction 
The evolution of a parasitic habit has been widespread in flowering plants, with 
examples found in 18 families and encompassing over 3000 species (Kuijt 1969). The 
common feature uniting almost all parasitic angiosperms is the presence of a 
haustorium, an organ that attaches the parasite to its host and allows-for extraction of 
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water and solutes from the host's vascular system. Parasitic plants are often classified 
as hemiparasitic or holoparasitic, depending on the extent of their inability to produce 
their own reduced carbon for growth and respiration. Hemiparasites can be further 
divided into facultative or obligate parasites, depending on whether or not they are 
capable of completing their lifecycle in the absence of a host. In some cases, a 
distinction between holoparasitism and hemiparasitism is not easily made (Stewart and 
Press 1990). Parasitic plants may be further categorized as stem or root parasites 
depending on their position of haustorial attachment to the host. In the present study, I 
analyzed two species of mistletoes, which are obligate stem hemiparasites; three species 
of holoparasites, one root-feeding and two stem-feeding; and five species of facultative 
root hemiparasites, two annual and three perennial. The range in parasitic habits 
represented a diversity of strategies in parasite resource acquisition from the hosts, or 
from hosts and the surrounding enviromnent. 
Analyses of stable isotope ratios have already played an important role in 
providing information about the carbon, water, and nutrient relations of parasitic plants 
and their hosts (Ehleringer et al. 1985; Press et al. 1987; Marshall and Ehleringer 1990; 
Schulze et al. 1991; Richter et al. 1995; Ducharme and Ehleringer 1996; Tennakoon and 
Pate 1996b; Bannister and Strong 2001; Pate 2001). Analyses to date have primarily 
focused on stable isotopes of carbon for estimating water use efficiency and 
heterotrophic carbon gain, and nitrogen for identifying sources of nitrogen used by 
parasites. In the present study, I extended the use of stable isotopes in analyzing 
parasite/host interactions by measuring oxygen isotope ratios (8180), in order to obtain 
time-integrated estimates of variation in transpiration rates (Barbour and Farquhar 2000; 
Barbour et al. 2000; Chapter 3). Such analyses are simplified when plants are exposed 
to the same evaporative conditions, source water 8180 (8 I80s), and atmospheric vapor 
8180 (8 I 80 v), as is likely the case for parasitic plants growing along side their hosts. 
Leaf water 8180 at the evaporative sites in leaves (8 180e) has been modeled as (Craig 
and Gordon 1965; Dongmann et al. 1974; Farquhar and Lloyd 1993) 
51 80 = 51 80 +c* +c +(5] 80 _5]80 _ C )~ 
e s k v s 0 k , 
e . 
l 
(5.1) 
where c* is the equilibrium fractionation between liquid and vapor, ck is the kinetic 
fractionation during diffusion through the stomata and leaf boundary layer, _and ealei is 
the ratio of ambient to intercellular vapor pressures. The ck can be calculated as 
ck(%o)=(32rs+2lrb)/(rs+rb), where r5 and rb are the stomatal and boundary layer 
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resistances to water vapor diffusion (Farquhar et al. 1989), and the coefficients 32%0 
and 21 %0 are fractionation factors for water vapor diffusion through stomata and 
boundary layer, respectively (Cappa et al. 2003). The 81-80 of leaf water at the 
evaporative sites in leaves has in tum been related to the average 8180 of leaf mesophyll 
water (8180L) by (Farquhar and Lloyd 1993) 
,5180L =/5180s + (,5180e _,5180,X[-e- p )' 
fJ 
(5.2) 
where fJ is a Peclet number, defined as ELI( CD), where E is transpiration rate (mol 
H20 m-2 s-1), L is a scaled effective path length (m), C is the molar concentration of 
water (mol m-3), and Dis the diffusivity ofH2 180 in water (m2 s-1). 
Equations (5.1) and (5.2) predict that at a given air temperature and humidity, an 
increase in stomatal conductance ( and therefore transpiration rate) will cause a decrease 
in 8180L as a result of increasing ealei ( caused by evaporative cooling of the leaf) , 
decreasing Ek, and increasing fJ. The 8180L can then be related to the 8180 of plant 
cellulose (8 180c) as follows (Barbour and Farquhar 2000): 
(5.3) 
where Pex is the proportion of oxygen atoms exchanging with medium water during 
cellulose synthesis, Px is the proportion of unenriched water in the developing cell 
( coming from xylem rather than leaf mesophyll), and Ewe is the equilibrium fractionation 
between carbonyl oxygen and medium water, estimated as 27%0 (Sternberg and DeNiro 
1983; Sternberg et al. 1986). I have presented equations (5.1) to (5.3) in terms of little 
delta values (8). In the present study, I relied upon the assumption that the parasite and 
host had the same source water, so that comparison of 8 values implies a direct 
comparison of enrichment above source water (~ 180). 
The model presented in equation (5.3) can be extended to total leaf dry matter 
8180 by adding the term Eep, which describes the difference between dry matter 8180 
(8180p) and cellulose 8180 (Barbour and Farquhar 2000): 
6 180 _ 6 18 0 (_c-1 8 _ _c-1 8 v _ ) p - s + u OL u Os }) PexPx + E we + Eep (5.4) 
Although the mechanisms contributing to Eep are not well understood, 8180P and 8180c 
have been strongly correlated when measured on the same samples in both leaves and 
wood (Borella et al. 1999; Barbour and Farquhar 2000; Barbour et al. 2000; Barbour et 
al. 2001). Moreover, 8180P was found to be more sensitive to variation in stomata! 
conductance than 8180 c by a factor of two (Barbour et al. 2000). Additionally, 8180P 
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was found to be an excellent integrator of spatial (Gan et al. 2002) and temporal 
(Chapter 2) variation in 818OL. Accordingly, recent studies have begun taking 
advantage of the simplicity of analyzing 818OP without the additional step of cellulose 
extraction (Saurer et al. 2000; Scheidegger et al. 2000; Saurer et al. 2001; Saurer et al. 
2002). This is the approach that I took in the present study of parasite/host interactions. 
However, I analyzed 818Oc in approximately half the samples that I collected in order to 
determine whether similar patterns in parasite/host differences existed for both 818OP 
and 818Oc. 
The carbon isotope ratio of C3 plants (813Cp) is correlated with the ratio of 
intercellular to ambient carbon dioxide concentrations ( c/ ca) in photosynthesizing 
leaves (Farquhar et al. 1982): 
-• 
(5.5) 
where 813Ca is the carbon isotope ratio of atmospheric CO2 ( "'8%0), a is the fractionation 
caused by gaseous diffusion ( 4.4%0), and b is the effective fractionation caused by 
carboxylating enzymes (,-27%0). In tum, the ratio c/ca can be related to the 
instantaneous water use efficiency of a plant (A/ E) as 
ca(1 -_S_J 
A ca 
E 1.6v (5.6) 
where A is the photosynthetic rate (µmol CO2 m-2 s-1), Eis the transpiration rate (mmol 
H2O m-2 s-1), and vis the vapor pressure difference between the leaf and air (mmol H2O 
mor
1). The ambient carbon dioxide concentration, ca, is expressed as µmol mor1. 
Equations (5.5) a~d .. (5.6) indicate that for plants experiencing the same v, 813Cp of the 
leaves can be used to make integrated comparisons of water use efficiency. For 
parasitic plants growing along side their hosts, the assumption of a common v 1s 
reasonable; however, I note that small differences in leaf temperature caused by 
different transpiration rates will cause variation in v between plants. 
I used 818OP and 813 Cp in leaves of parasitic plants and their hosts growing in 
southwestern Australia to make inferences about contrasting strategies of resource 
acquisition, both within and among different functional types of parasites. Additionally, 
results indicated some situations in which variation in 818OP and 813CP could not be 
accounted for using equations (5.1) to (5.6). These discrepancies were used to highlight 
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areas in which further research into the mechanisms causing isotopic variations would 
be helpful. 
5.3. Materials and Methods 
The locations of sampling sites, names of species sampled at each site and their 
authorities, and the functional type of the parasite are given in Table 5.1. Of the root 
hemiparasite species, three were perennial (E. odoratus, E. sparteus, and 0. phyllanthi), 
and two were annual (B. trixago, and P. viscosa). William Bay National Park, Ocean 
Beach, and Lights Beach are coastal heath sites in close proximity to the township of 
Denmark, W estem Australia. The Pate Property is located on Mount Shadforth near 
Denmark and is an open woodland dominated by a mixture of marri and karri, 
Corymbia calophylla (Lindl.)K.D.Hill & L.A.S.Johnson and Eucalyptus diversicolor 
F.Muell., respectively. The Tunney site is an open woodland dominated by Eucalyptus 
wandoo Blakely and Eucalyptus marginata Sm., and the Williams site is native 
shrubland bordering farmland. The root hemiparasites were chosen such that the 
individuals sampled were growing in close proximity to only a single putative host. 
Several of the parasitic plant species have been studied previously in these same 
habitats with regard to various aspects of their biology and strategies of resource 
acquisition and use (Pate et al. 1990a; Pate et al. 1990b; Pate et al. 1990c; Pate et al. 
1991; Tennakoon and Pate 1996a; Pate and Bell 2000; Pate 2001). Sampling took place 
between 7 and 13 December 2001, and again between 19 and 25 February 2002. 
In the Dece1nber sampling, a representative sample of 10 to 20 leaves was 
collected from both parasite and host and oven dried at 80°C. In the case of the annual 
root hemiparasites and their hosts, the whole aboveground biomass was sampled. The 
whole biomass was sampled for the Cuscuta and Cassytha holoparasites, and the whole 
aboveground biomass for the Orobanche holoparasite. For the mistletoes, host leaves 
were collected from the same branch that the mistletoe was parasitizing. In the 
February sampling, leaves of parasites and their hosts were immediately placed into 
gas-tight glass vials and frozen at -20°C. Leaf water sampling took place between 1100 
and 1600 hours local time. Samples remained frozen until tissue water was extracted by 
cryogenic vacuum distillation. The dry matter was retained for carbon and oxygen 
isotope analyses. Dry matter samples were ground to a fine powder and analyzed for 
carbon isotope ratio in an Isochrom mass spectrometer (Micromass, Manchester, UK) 
following combustion in a Carlo Erba elemental analyzer (CE Instruments, Milan, 
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Table 5.1. Locations of sampling sites and pairs of species sampled at each site. 
Site Location Parasite species Host species Type of parasite 
William Bay 35°01 '25" S 117°14'12" E 
' 
Cassytha sp. Acacia littorea Maslin ho loparasi te 
National Park Leucopogon capitellatus DC. 
2)pyridium globulosum (Lab ill. )Benth. 
Cuscuta campestris Yunck. Cakile maritima Scop. holoparasite 
Euphorbia paralias L. 
Muehlenbeckia adpressa (Labill.)Meisn. 
Pecarisonium sp. 
Senecio elegans L. 
Unknown host 
Exocarpos odoratus (Miq.)A.DC. Spyridium globulosum (Labill.)Benth. root hemiparasite 
Olax phyllanthi (Labill.)R.Br. Acacia littorea Maslin root hemiparasite 
Spyridium globulosum (Lab ill. )Benth. 
Ocean Beach 35°02' 12" S 117°19'53" E 
' 
Cassytha sp. Exocarpos odoratus (Miq.)A.DC. holoparasite 
Exocarpos odoratus (Miq. )A.DC. Bossiaea linophylla R.Br. root hemiparasite 
~ 
,. 
Hibbertia sp. 
Spyridium globulosum (Labill.)Benth. 
Exocarpos sparteus R.Br. Pelargonium australe Willd. root hemiparasite 
Spyridium globulosum (Labill.)Benth. 
Olax phy llanthi (Labill.)R.Br. Hibbertia sp. root hemiparasite 
Leucopogon parviflorus (Andrews)Lindl. 
Spyridium globulosum (Labill.)Benth. 
Lights Beach 35°01'20" S, 117°16'3l"E B artsia trixago L. Conocephalum sp. root hemiparasite 
Senecio lautus Willd. 
Exocarpos sparteus R.Br. Scaevola nitida R.Br. root hemiparasite 
Pate Property 34°57'55" S, 117°17'19" E Olax phyllanthi (Labill.)R.Br. Scaevola nitida R.Br. root hemiparasite 
Orobanche minor Sm. Ribes sanguineum holoparasite 
Parentucellia viscosa (L.)Caruel Anthoxanthum odoratum L. root hemiparasite 
Hypochaeris radicata L. 
Ricinocarpus sp. 
Senecio sp. 
Tunney 32°33' 19" S 119° 17' 55" E 
' 
Amyema miquelii (Miq.)Tiegh. Eucalyptus wandoo Blakely mistletoe 
Williams 32°59'49" S, 116°51 '0l" E Amyema preissii (Miq.)Tiegh. Acacia acuminata Benth. mistletoe 
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Italy). Oxygen isotope analyses of both tissue water and dry matter took place in an 
Isochrom mass spectrometer following pyrolysis in a Carlo Erba elemental analyzer 
(Farquhar et al. 1997). Isotope ratios have been expressed in delta (8) notation using 
PeeDee Belemnite as the standard for carbon and Vienna Standard Mean Ocean Water 
as the standard for oxygen. Analytical precision was +0.1 %0 for 813C and +0.3%o for 
8180. The nitrogen concentration of leaf dry matter was measured for the mistletoes 
and their hosts in a Carlo Erba elemental analyzer (CE Instruments, Milan, Italy). 
I extracted cellulose for isotopic analysis from the leaf samples collected in the 
December sampling, except the annual root hemiparasites and their hosts. Cellulose 
extractions were performed as described by Barbour and Farquhar (2000), based on the 
modified technique of Loader et al. (1997). The term Ecp, describing the difference in 
8180 between total dry matter and cellulose, was calculated as Ecp=818Op-818Oc. 
I used equations ( 5 .1) through ( 5 .4) to estimate proportional differences in 
transpiration rates between mistletoes and their hosts from measurements of 818OP and 
818Oc. The average November to February midday temperature and humidity for a 
weather station near to the mistletoe collection sites (Narrogin, Western Australia) were 
used to parameterize the model; values were 44% and 22°C, respectively. The 818Ov 
was assu1ned to be in equilibrium with 818Os at the midday air temperature. The 
difference between leaf temperature and air temperature and the transpiration rate were 
calculated as described by Barbour et al. (2000). The photosynthesis-weighted average 
stomata! conductance of the hosts was assumed to be 50 mmol m-2 s-1• Boundary layer 
conductance for mistletoes and hosts was assumed to be 2.5 mol m-2 s-1• The scaled 
effective path length in equation (5.2) was assumed to be 25 mm for both mistletoes and 
hosts (Flanagan et al. 1993). After a leaf water enrichment had been calculated for the 
hosts, stomata! conductance of the mistletoe was increased in the model until the 
modeled 818OL difference between host and mistletoe was equal to that inferred from 
measurements of 818OP or 818Oc, calculated as 818OL(h)-818OL(m)=(818Op(h)-818Op(m))/(1 -
PexPx), where subscripts (h) and (m) refer to host and mistletoe, respectively; the 818Op 
was replaced by 818Oc for measurements of cellulose, rather than dry matter. The PexPx 
was assumed to be 0.4 (Barbour and Farquhar 2000), such that a 1.67%0 difference in 
818OL between host and mistletoe was inferred from a 1 %0 difference in 818OP or 818Oc. 
Proportional enhancements in mistletoe transpiration rates were calculated by dividing 
the mistletoe transpiration rate by the host transpiration rate and subtracting one. Thus, 
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a proportional enhancement in transpiration rate of zero indicates equivalent 
transpiration rates between mistletoe and host, whereas a proportional enhancement of 
2, for example, indicates that the mistletoe transpiration rate was three times that of the 
host. 
Parasite/host variation in isotopic parameters was investigated with analyses of 
vanance. The parasite/host difference in 813C or 8180 was taken as the dependent 
variable. Independent variables were parasite functional type and parasite species 
nested within parasite functional type. After the analysis of variance model was 
estimated, Tukey' s method for pairwise comparisons was used to determine which 
parasite functional types or species within functional types differed from one another. 
Additionally, hypothesis tests were conducted to determine whether the parasite/host 
isotopic difference for each parasite functional type was significantly different from 
zero. Sampling date (December or February) was initially considered as a factor in the 
models, but was not significant in analyses of parasite/host differences in either 8180P or 
813Cp, and thus was not considered further. Although parasite/host isotopic differences 
did not change with sampling date, there did appear to be a shift in 818OP values for all 
species between December and February. Analysis of variance was used to test whether 
this difference was significant, using sampling date and species as independent 
variables. Variation in foliar nitrogen concentrations between mistletoes and their hosts 
and between mistletoe species was assessed using analysis of variance. Statistical 
analyses were conducted in SYSTAT 9.0 (SPSS Inc. , Chicago, IL, USA). 
5.4. Results 
5. 4.1. Mistletoe 8 8 0 
There were strongly contrasting patterns in parasite/host isotopic differences for 
8180µ among the different parasite functional types (P<0.0001 , n=65); data are shown in 
Figure 5.1. Parasite species within functional types was not a significant term in this 
analysis (P=0.47). Mistletoe 818OP values were less than those of their hosts by a mean 
parasite/host difference of -4.0%0 (P<0.0001); this value differed significantly from 
corresponding values for both holoparasites (P<0.0001) and root hemiparasites 
(P<0.0001). The transpiration modeling exercise based on 818OP measurements 
suggested proportional enhancements in transpiration rates for A. preissii and A. 
miquelii compared to their hosts of 2.8 and 3.9, respectively. Note that this analysis 
assumed that Ecp was invariant between mistletoe and host. 
88 
Southwestern Australia 
36 ~--~----..---.-----,-----,-------,, 
0 
co 
"<'""" 
e,o 30 
L.. 
Q) 
,+-I 
,+-I 
ro 
E 27 
c 
"'O 
'+-
cu 24 Q) 
Q) 
,+-I 
~ 21 
L.. 
ro 
0.. 
18 
18 
• mistletoes 
v root hemiparasites 
A holoparasites 
V 
21 24 
• 
• . ,. 
eV 
V o/ ,. e 
\J:;Jv •• 
v~ • 
V W e 
• V 
V 
27 30 33 
Host leaf dry matter 8180 (%0) 
36 
Chapter 5 
Figure 5.1. Leaf dry matter 8 8 0 values of parasitic plants growing in southwestern 
Australia plotted against the leaf dry matter 8 80 values of their hosts. Data points 
below the one-to-one line indicate a lower 8 80 in the parasite than in the host, whereas 
those above the line indicate a higher 8 8 0. 
Parasite/host differences in 8180 of leaf cellulose also varied significantly 
among parasite functional types (P=0.0002, n=34). In this case, parasite species within 
functional types was a significant term in this analysis (P=0.02). Mistletoe 8180c values 
were less than those of their hosts by a mean parasite/host difference of -3.6%0 
(P<0.0001). There was a significant difference in parasite/host 8180c differences 
between the two mistletoe species (P=0.05); values are given in Table 5.2. The 
transpiration modeling exercise based on 8180c measurements suggested proportional 
enhancements in transpiration rates for A. preissii and A. miquelii compared to their 
hosts of 5.0 and 1.1, respectively. 
There was significant variation among parasite functional types in parasite/host_ 
differences in leaf water 8180 (P=0.01, n=24), whereas variation among parasite species 
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Table 5.2. Oxygen isotope composition of parasitic plants and their hosts. Values are given with standard deviations where more than one pair was sampled. 
The column headed n gives the number of parasite/host pairs sampled for leaf dry matter 88 0 , leaf cellulose 88 0, and leaf water 88 0, in that order. 
Leaf dry matter 8 180 (%0) Leaf cellulose 8 180 (%0) Leaf water 8 180 (%0) 
Parasite seecies Host seecies n parasite host diff. parasite host diff. parasite host diff. 
Mistletoes: 
Amyema miquelii Eucalyptus wandoo 10,6,4 27.0 ± 1.4 31.6 ± 0.8 -4.6 33.1±2.6 34.6±2.1 -1.5 8.9 ± 0.5 9.4 ± 0.6 -0.5 
Amyema preissii Acacia acuminata 10,6,4 25.9 ± 1.8 29.4± 1.6 -3.5 34.5 ± 2.2 40.1±1.4 -5.6 17.1±1.5 16.7 ± 4.7 0.4 
Holoparasites: 
Cassytha sp. Acacia littorea 3, 1, 2 29.6 ± 2.0 24 .0±2.1 5.6 31.4 30.8 0.6 13.4 ± 2.3 12.8 ± 1.6 0.6 
Exocarpus odoratus 1, 1, 0 24.7 22.6 2.1 29.6 29.2 0.4 
Leucopogon capite ffatus 4, 1, 3 28.2 ± 1.0 26.2 ± 1.6 2.0 32.5 31.2 1.3 9.5 ± 1.7 14.1 ± 1.3 -4.6 
Spyridium globulosum 2, 1, 1 29.5 ± 0.4 27.7 ± 1.1 1.8 31.5 29.9 1.6 8.8 14.9 -6.1 
Cuscuta campestris Cakile maritima 1, 1, 0 22.4 21.5 0.9 28.3 29.1 -0 .8 
Euphorbia paralias 1, 0, 1 29.2 27.9 1.3 5.3 13.1 -7.8 
Muehlenbeckia adpressa 2, 1, 1 25 .9 ± 2.9 24.5 ± 3.0 1.4 29.0 28.6 0.4 4.9 10.5 -5.6 
Pecarisonium sp. 1, 1, 0 26.4 23.3 3.1 30.0 27.1 2.9 
Senecio elegans 1, 0, 1 30.2 24.8 5.4 7.1 9.8 -2.7 
. Uknown host 1, 1, 0 25.6 20.3 5.3 29.2 28.4 0.8 . 
Orobanche minor Ribes sanguineum 1, 1, 0 27.2 21.8 5.4 28.8 25.4 3.4 
Root hemiparasites: 
Bartsia trixago Conocephalum sp. 1, 0, 0 23.9 27.0 -3.1 
Senecio lautus 1, 0, 0 24.3 22.8 1.5 
Exocarpus odoratus Bossiaea lynophylla 1, 1, 0 22.6 22.5 0.1 29.2 30.8 -1.6 
Hibbertia sp. 1, 0, 1 27.1 27.1 0.0 13.3 14.5 -1.2 
Spyridium globulosum 3, 2, 1 24.7 ± 1.7 27.2 ± 1.1 -2.5 28.4 ± 0.7 31.7 ± 0.6 -3.3 11.6 13.9 -2.3 
Exocarpus sparteus Pe!argonium australe 2, 1, 1 26.2 ± 0.6 24 .9 ± 1.1 1.3 32.2 - - 12.1 9.3 2.8 
Scaevola nitida 1, 1, 0 24.7 22.2 2.5 30.9 27.2 3.7 
Spyridium globulosum 2, 1, 1 26.4 ± 0.9 28.1±1.4 -1.7 29.2 30.5 -1.3 11.0 12.2 -1.2 
O/ax phyllanthi Acacia littorea 1, 1, 0 23.4 23 .0 0.4 30.9 31.6 -0.7 
Hibbertia sp. 1, 1, 0 23.1 24.3 -1.2 29.1 31.6 -2.5 
Leucopogon parviflorus 2, 1, 1 22.5 ± 2.0 25.8 ± 2.3 -3.3 29.3 29.2 0.1 12.3 13.5 -1.2 
Spyridium globulosum 5,3,2 25.7 ± 1.0 27.6 ± 0.7 -1.9 30.6 ± 2.4 32.3 ± 0.8 -1.7 13 .7 ± 0.7 12.9 ± 0.4 0.8 
Scaevola nitida 1, 1, 0 23.6 21.6 2.0 31.2 28.3 2.9 
Parentucellia viscosa Anthoxanthum odoratum 2, 0,0 21.6 ± 2.0 25 .2 ± 0.1 -3.6 
Hypochaeris radicata 1, 0, 0 25.1 23.3 1.8 
Ricinocarpus sp. 1, 0, 0 24. 1 25.3 -1.2 
Senecio so. 1,0,0 22.1 21.1 1.0 
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within functional types was not significant (P=0.64). However, in contrast to the results 
for dry matter and cellulose, the mean parasite/host difference in 8180L for mistletoes 
was not significantly different from zero (P-0.96) . Mean 8180L values for the 
mistletoes and their hosts are given in Table 5 .2. 
5.4.2. Mistletoe 8 3 C 
The contrasting isotopic patterns of the parasite functional types in relation to 
their hosts was similarly reflected in the 813C of leaf dry matter (P<0.0001 , n=64); data 
are shown in Figure 5.2. For parasite/host 813Cp differences, there was significant 
variation among parasite species within parasite functional types (P=0.003). Mistletoe 
813 CP values were more negative than those of their hosts, showing an average 
difference of -1.9%0 (P<0.0001). This mean difference was significantly different from 
that of holoparasites (P<0.0001), but not root hemiparasites (P=0.21). Additionally, the 
parasite/host difference in 813Cp was significantly different between the two mistletoe 
species (P=0.03); mean values for the two species are given in Table 5.3. 
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Figure 5.2. Leaf dry matter 8 3 C values of parasitic plants growing in southwestern Australia 
plotted against the leaf dry matter 8 3 C values of their hosts. Data points below the one-to-one 
line indicate a more negative 8 3 C in the parasite than in the host, whereas those above the line 
indicate a less negative 83C. 
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Table 5.3. Carbon isotope composition of parasitic plants and their hosts. Values are given with standard deviations where more than one pair was sampled. 
The column headed n gives the number of parasite/host pairs sampled/or leaf dry matter 83C and leaf cellulose 83C, in that order. 
Leaf dry matter 8 13C (%0) Leaf cellulose 8 13C (%0) 
Parasite sEecies Host sEecies n 12 arasite host diff. 12arasite host diff. 
Mistletoes: 
Amyema miquelii Eucalyptus wandoo 10, 6 
-31.0 ± 0.7 -28 .0 ± 0.8 -3.0 -27.8 ± 0.6 -25.5 ± 0.9 -2.3 
Arnyema preissii Acacia acuminata 10, 6 
-29.8 ± 0.4 -29.0 ± 0.5 -0.8 -27.0 ± 0.7 -25.0 ± 0.4 -2.0 
Holoparasites: 
Cassytha sp. Acacia littorea 3, ] 
-26.7 ±2.1 -29.8 ± 1.0 3.1 -27.5 -25.2 -2.3 
Exocarpus odoratus 1, 1 -26.1 -26.2 0.1 -24.1 -23. 5 -0.6 
Leucopogon capitellatus 4, 1 
-27.5 ± 1.2 -28 .5 ± 0.9 1.0 -24.3 -26.9 2.6 
Spyridium globulosum 2, 1 
-28.1 ±2.4 -28.4 ± 0.6 0.3 -25 .1 -25.5 0.4 
Cuscuta campestris Cakile maritima 1, 1 -27.2 -28.3 1.1 -26.0 -27.1 1.1 
Euphorbia paralias 1, 0 -25 .1 -26.5 1.4 
Muehlenbeckia adpressa 2, 1 
-26.1 ± 2.3 -28.0 ± 0.4 1.9 -27.3 -25.6 -1.7 
Pecarisonium sp. 1, 1 -26.0 -28.1 2.1 -25.2 -25.3 0.1 
Senecio elegans 1,0 -26.1 -28.7 2.6 
. Uknown host 1, 0 -28.7 -29.9 1.2 ,. 
Orobanche minor Ribes sanguineum 1, 1 -27.0 -27.7 0.7 -25.9 -24.9 -1.0 
Root hemiparasites: 
Bartsia trixago Conocephalum sp. 1, 0 -28.7 -29.3 0.6 
Senecio lautus 1, 0 -29 .9 -29.0 -0.9 
Exocarpus odoratus Bossiaea lynophylla 1, 1 -26.2 -27.9 1.7 -23.5 -25.5 2.0 
Hibbertia sp. 1, 0 -28.7 -27.5 -1.2 
Spyridium globulosum 3,2 
-28 .9 ± 1.2 -27.1 ± 0.3 -1.8 
-25.0 ± 1.6 -25.1 ± 0.2 0.1 
Exoca,pus sparteus Pelargonium australe 2, 1 
-28.3 ± 0.1 -25.8 ± 1.3 -2.5 -24.2 -25.5 1.3 
Scaevola nitida 1, l -29. 1 -26 .0 -3.1 -27.0 
Spyridium globulosum 2, 1 
-29.4 ± 0.7 -25.5 ± 1.0 -3 .9 -27.8 -24.1 -3.7 
Olax phyllanthi Acacia littorea 1, 1 -27 .8 -28.7 0.9 -25.7 -24.9 -0.8 
Hibbertia sp. 1, 1 -28.0 -27.7 -0.3 -25.8 -24.3 -1.5 
Leucopogon parviflorus 2, 1 
-28.7 ± 0.6 -28 .1 ± 0.5 -0.6 -26 .5 -25.1 -1.4 
Spyridiurn globulosum 5,3 
-28.2 ± 1.3 -26.4 ± 0.3 -1.8 -23.8 ± 0.3 -25.7±1.4 1.9 
Scaevola nitida 1, 1 -27.4 -27.0 -0.4 -24.4 
Parentucellia viscosa Anthoxanthum odoratum 1, 0 -30.4 -29.0 -1.4 
Hypochaeris radicata 1, 0 -27.9 -28.7 0.8 
Ricinocarpus sp. 1, 0 -29.5 -29 .6 0.1 
Senecio so. 1, 0 -31.3 -30.4 -0.9 
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Foliar N concentrations varied significantly between the two mistletoe/host 
species pairs (P<0.0001, n=40), but not between mistletoes and their hosts (P=0.14). 
The mean N concentration for leaf dry matter of Amyema preissii was 23.6 + 8.0 mg g-1 
(mean+ 1 SD); that for its host Acacia acuminata was 27.5 + 3.0 mg g-1. The mean N 
concentration for· leaf dry matter of Amyema miquelii was 8.4 + 2.2 mg g-1; that for its 
host Eucalyptus wandoo was 8.7 + 1.7 mg g-1. The regression line relating mistletoe N 
concentration to host N concentration was [N]rnistletoe=0.83[N]host+ 1.0 mg g-1 (R2=0.70, 
P<0.0001, n=20). Mistletoe/host differences in 813Cp became less negative with 
increasing host leaf N concentration according to the following equation: 
813Cp( difference )=0.11 [N]hosc3 .8 (R2=0.51, P=0.0002, n=20). 
There was significant variation among parasite functional types in parasite/host 
differences in 813Cc (P=0.02, n=3 l). Mistletoe 813Cc values were significantly more 
negative than those of their hosts (P-0.0002). The mean parasite/host 813Cc difference 
for mistletoes was -2.2%0. Interestingly, when cellulose was analyzed instead of leaf 
dry matter, variation in parasite/host 813C differences was no longer observed among 
species within parasite functional types (P=0.82). Thus, the two mistletoes species had 
very si1nilar parasite/host differences in 813Cc, in contrast to the results for 813 Cp (Table 
5.3). 
5.4.3. Root hemiparasite 8 80 
Root hemiparasites had 818OP values that were significantly lower than those of 
their hosts (P=0.04). The mean parasite/host 818OP difference for root hemiparasites 
was -1.0%0. The difference in 8180c between root hemiparasites and their hosts was 
similar to that in 8180p, with a mean value of -0.9%0; however, this difference was not 
statistically significant (P=0.31 ). I did not observe a significant difference in leaf water 
8180 between root hemiparasites and their hosts (P=0.82); the mean difference was -
0.2%0. There was no significant variation among parasite species within the root 
hemiparasite functional type for any of the 8180 analyses. Values for individual species 
are detailed in Table 5.2. 
5.4.4. Root hemiparasite 83C 
Root hemiparasites had 813CP values more negative than those of their hosts 
(P=0.0006); the mean parasite/host 813 CP difference was -1.2%0. There were no 
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significant differences among individual root hemiparasite species in their 813Cp values 
relative to their hosts. However, sample sizes were rather small for all but a couple of 
species (Table 5.3). In contrast to the results for 813Cp, values of 813Cc for perennial 
root hemiparasites did not differ between parasite and host (P=0.94); the mean 
parasite/host 813Cc difference for root hemiparasites was 0.2%0. 
5. 4. 5. H oloparasite 8 8 0 
Variation in 8180P between holoparasites and their hosts was opposite in sign to 
that observed for mistletoes and root hemiparasites (Figure 5.1). The mean 
parasite/host difference was positive, having a value +3.0%o (P<0.0001); this value was 
significantly different from that observed for mistletoes (P<0.0001) and root 
hemiparasites (P<0.0001). Holoparasite 8180c was also higher than that of hosts, 
showing a mean difference of+ 1.2%0, which was moderately significant (P=0.06). In 
contrast, however, holoparasite tissue water was significantly less enriched in 180 than 
host leaf water; the parasite/host 8180L difference was -3.8%0 (P=0.0003); n1ean 8180L 
values were 9.1 + 3.3%0 and 12.9 + 2.0%0 for parasite and host, respectively. This was 
an interesting result because the sign of the difference in 8180L between holoparasites 
and their hosts was opposite to that of the differences in 8180P and 8180c. There were 
no significant differences among parasite species within the holoparasite functional type 
for any of the 8180 analyses. 
5.4.6. Holoparasite 83C 
Parasite/host variation in 813CP for holoparasites also differed in sign compared 
to that observed for mistletoes and root hemiparasites (Figure 5.2). Holoparasites were 
enriched in 13C co1npared to their hosts, showing an average parasite/host 813Cp 
difference of + 1.5%0 (P=0.02). This mean value differed from that for both mistletoes 
(P<0.0001), and root hemiparasites (P=0.0005). However, a similar difference in 813C 
was not observed in cellulose; holoparasite 813Cc was not different from that of the hosts 
(P=0.59). There were no significant differences among parasite species within the 
holoparasite functional type for either of the 813C analyses. 
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Figure 5.3. The mean difference between leaf dry matter 880 values sampled in February, 
2002 and those sampled in December, 2001 for all species sampled on both dates (A), and the 
corresponding differences in leaf dry matter 8 3C values (B). Values in parentheses are the 
number of individuals sampled in December, follo wed by the number of individuals sampled in 
February. 
5.4. 7. All species 8 80 and 8 3C 
The 6xygen isotope ratio of leaf dry matter increased between December and 
February for all species sampled on both dates except E. wandoo (Figure 5 .3A). The 
mean 8180P for all plants sampled in December was 25.4%0, whereas the mean value for 
February was 28.0%0. Sampling date (December or February) was a significant term in 
the analysis of variance in individual 8180P values (P<0.0001, n=130). In contrast, 
813 Cp did not change consistently across species between December and February 
(Figure 5.3B), with mean values of -28.5%0 and -28.3 %0 for the two dates respectively, 
which were statistically indistinguishable (P=0.67, n= 129). 
Leaf cellulose was enriched in 180 compared to leaf dry matter for all of the 
samples in which both analyses were performed. The mean value for Ecp, the difference 
between 8180P and 8180 c, across all samples was -6.2 + 2.9%0 (mean+ 1 SD). Values of 
Ecp for individual species varied from -11.2%0 for A. acuminata to -2.8 %0 for E. wandoo 
(Table 5.4). There was a significant, positive correlation between 8180P and 8180c 
(r=0.63 , P<0.0001, n=67). dd . 11 /h d'ffi . s.: 180 A itiona y, parasite ost 1 erences m u P were 
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significantly correlated with parasite/host differences 1n 818Oc (r=0.69, P<0.0001, 
n=33). 
Leaf cellulose 813C was less negative than leaf dry matter 813C for all samples in 
which both analyses were performed, except two. The mean difference between 813Cp 
and 813Cc was -2.6 + 1.1 %0, with the two being significantly, positively correlated 
(r=0.70, P <0.0001, n=64). Parasite/host differences in 813Cp were also significantly 
correlated with parasite/host differences in 813Cc (r=0.55, P-0.002, n=30). 
There was a general relationship across all parasite/host pairs between the 813 CP 
parasite/host difference and the 818OP parasite/host difference (Figure 5.4). Parasites 
with higher 813CP values than their hosts also tended to have higher 818OP values than 
their hosts. The holoparasites were a good example of such a pattern. Conversely, 
parasites such as the mistletoes, which had lower 813 CP values than their hosts, also 
tended to have lower 818OP values than their hosts. 
Table 5.4. Values for &cp, the difference between total leaf dry matter 8 80 and leaf 
cellulose 8 80 , for species sampled in the present study and others available in the 
literature. Values reported from the present study are limited to species in which 3 or 
more individuals were sampled, and are given as the mean + 1 SD. The overall mean is 
-6.8%0. 
Species Ee (%0) Reference 
Acacia acuminata 
-11.2 + 2.2 This study 
Amyema miquelii 
-6.3 + 2.5 This study 
Amyema preissii 
-9.8 + 1.6 This study 
Exocarpus odoratus 
-5.6 + 1.7 This study 
Exocarpus sparteus 
-5.3 + 1.7 This study 
Eucalyptus wandoo 
-2.8 + 2.1 This study 
Gossypium hirsutum 
-7.5 Barbour and Farquhar 2000 
Olax phyllanthi 
-6.4 + 1.6 This study 
Picea abies 
-6.4 Jaggi et al. 2003 
Spyridium globulosum 
-4.4 + 1.0 This study 
Triticum aestivum 
-9.1 Barbour et al. 2000 
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Figure 5.4. Parasite/host differences in leaf dry matter 8 3C plotted against the corresponding 
parasite/host difference in leaf dry matter 8 80. The two parameters are significantly, 
positively correlated (r=0. 63, P <0. 0001, n=64). The line drawn on the graph has a slope of 
0.5 and a y-intercept of 0.3. These coefficients were calculated using principle components 
analysis, such that neither parameter was explicitly dependent on the other. 
5.5. Discussion 
I observed consistent differences in 818OP and 813CP between parasitic plants and 
their hosts within the different parasite functional types. Results for leaf dry matter 
isotopic analyses generally agreed with those for leaf cellulose, although there were 
some exceptions. Such variation in isotopic composition suggests contrasting strategies 
of resource acquisition and use among the various parasitic plants in relation to each 
other and to their hosts. For example, lower 818OP and 813 Cp in mistletoes and root 
hemiparasites than their hosts suggests a relatively more liberal use of water and a lower 
water use efficiency by both functional types in the seasonally dry, mediterranean-type 
environment of southwestern Australia. However, the three-fold larger parasite/host 
difference in 818OP for mistletoes compared to root hemiparasites highlights the greater 
extent to which mistletoes rely on such a strategy to acquire carbon and nutrients 
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compared to the root hemiparasites. Additionally, some of the results serve to highlight 
areas in which the mechanisms leading to isotopic variation among plants have yet to be 
unraveled, such as the higher 818OP and 813Cp in holoparasites compared to their hosts. 
In such cases, the observations presented here may provide a basis for designing 
experimental systems aimed at elucidating these mechanisms. In the following 
discussion, I expand upon the implications of my results for understanding the ecology 
of parasitic plants and the mechanisms underlying their isotopic variations. 
d.8 . 5. 5.1. Mistletoe o 0 
The mean differences in 818OP of -3.5%0 for the mistletoe A. preissii growing on 
A. acuminata, and -4.6%0 for the mistletoe A. miquelii growing on E. wandoo, suggest 
substantially higher transpiration rates in these two mistletoe species compared to their 
hosts in southwestern Australia. Transpiration rates of mistletoes growing in Australia 
were previously observed to be consistently higher than those of their hosts (Hellmuth 
1971; Ullmann et al. 1985; Davidson et al. 1989; Davidson and Pate 1992; Marshall et 
al. 1994b; Tennakoon and Pate 1996a); estimates of the proportional enhancement in 
mistletoe transpiration rates compared to those of their hosts range from 0.4 to 7.9. 
Similar observations have been reported for mistletoes in other regions as well (Glatzel 
1983; Schulze et al. 1984; Ehleringer et al. 1986; Marshall et al. 1994a). Based on 
818OP measurements, I calculated time-integrated, proportional enhancements in 
transpiration of 2.8 and 3.9 for A. preissii and A. miquelii co1npared to their respective 
hosts, whereas 8180c measurements indicated proportional enhancements of 5. 0 and 1.1 , 
respectively. Such values are well within the range observed for Australian mistletoes. 
Nonetheless, the difference in estimates based on 8180P as compared to 8180 c highlights 
the need for a mechanistic understanding of processes controlling Ecp, the difference in 
8180 between dry matter and cellulose. 
Because 1nistletoes are known to assi1nilate organic solutes from the host's 
transpiration stream (Raven 1983; Marshall and Ehleringer 1990; Schulze et al. 1991 ), it 
is reasonable to ask whether this process might have contributed to the difference that I 
observed in 8180µ and 8180 c between mistletoes and their hosts. The effect of mistletoe 
heterotrophy on 8180 c can be included in equation (5.3) as follows: 
6 c(m) = 6 s + (I- P X6 L( m) -5s Xi- P ex(m)P x(m) )+ p(5ox -Ewe -5s Xi- P ex(ox) P x(m) )+Ewe· 
(5.7) 
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The 8 terms in equation (5.7) refer to 8180. The subscript m refers to the mistletoe, and 
the subscript ox refers to xylem-borne organic solutes procured from the host's 
transpiration stream. The p is the proportion of photosynthate acquired from the host's 
xylem sap, and (1-p) is the proportion supplied by the mistletoe's own photosynthesis. 
I assume similar oxygen concentrations. in the two pools. In the one case that I am 
aware of in which the 8180 of xylem sap dry matter was measured, it was found to be 
enriched relative to source water by 34.9%0 in Lupinus angustifolius (Chapter 2). In this 
case, the term (80x-Ewc-8s) would have a value of 7 .9%o. The effect of this term on the 
8180 of mistletoe foliage depends · on the terms p and (1-Pex(ox')/Jx(m))- The term p has 
been estimated from measurements of gas exchange and 813C values for some mistletoe 
species (Marshall and Ehleringer 1990, Marshall et al. 1994b ). The term P ex(ox) is not 
known, but detailed investigation of the chemical composition of xylem-borne solutes 
and likely pathways for their incorporation into organic material could provide a range 
of expected values. However, until specific data become available, it is difficult to 
predict whether heterotrophy should increase, decrease, or not change the 8180 of 
mistletoe leaves. 
The consistent difference that I observed in 818OP of mistletoes compared to 
their hosts, whereby mistletoes were less enriched in 180 , contrasts with previous results 
comparing dry matter 8D of Australian mistletoes to that of their hosts (Ziegler 1994). 
For dry matter 8D, mean values of -51 %0 for mistletoes and -73 %0 for hosts were 
reported. Thus, in the case of deuterium, mistletoes were consistently more enriched 
than their hosts . I assume that the difference in 818OP between mistletoes and hosts 
results from a differential enrichment between the two in leaf water isotopes ( e.g. 
Flanagan et al. 1993); because 8180 and 8D in leaf water are strongly correlated, one 
might expect that the 8180 and 8D patterns in dry matter would be similarly correlated. 
Presumably then, the difference in the direction of mistletoe/host variation in 8D as 
opposed to 8180 of leaf dry matter results from variation between the mistletoe and host 
in post-photosynthetic, biochemical fractionation of 8D. To a first approximation, the 
higher 8D for mistletoe dry matter may imply a proportionally larger heterotrophic 
metabolism than in the host (Yakir 1992). 
In the leaf water 8180 samples that I examined, I did not observe a statistically 
significant difference between mistletoes and hosts. However the sample size was 
rather small (n=8) and therefore may not have been sufficient to -capture variation 
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between the two. Whereas the 818OP and 818Oc values represent integrated measures of 
the leaf water 8180, a single measurement of the leaf water itself represents only a 
snapshot in time in the dynamic leaf water system. Therefore, one would expect the 
power to detect differences between two populations to be greater for analyses of 818OP 
or 818Oc than for 818OL. · For example, in a sampling of 30 Eucalyptus globulus Labill. 
leaves over the course of a diel cycle, the coefficient of variation for 818OP was 0.03, 
whereas that for 818OL was 0.24 (Chapter 6). For samples collected at the same time 
within that diel cycle, the average coefficient of variation for 818OP was 0.01, whereas 
that for 818OL was 0.13. Similar differences in variability between 818OP and 818OL 
were observed for cotton plants grown at constant humidity (Gan et al. 2002). The 
situation is analogous to that encountered when one analyzes variation among 
populations in instantaneous measurements of c/ ca, as compared to measurements of 
813CP (e.g. Cemusak and Marshall 2001). 
5. 5. 2. Mistletoe 8 3 C 
I found a significant variation in the parasite/host 813CP differences between A. 
miquelii growing on a non-nitrogen fixing Eucalyptus host and A. preissii growing on a 
potentially nitrogen fixing Acacia host; parasite/host 813Cp differences were -3.0%0 and 
-0.8%0, respectively. This result is consistent with results for two Phoradendron 
mistletoe species growing on a non-nitrogen fixing host and an Acacia host, where the 
parasite/host 813Cp differences were -3.0%0 and -0.2%0, respectively (Schulze and 
Ehleringer 1984), and with results fro1n three continents showing a general pattern of 
s1naller parasite/host 813CP differences on nitrogen fixing hosts than on non-nitrogen 
fixing hosts (Ehleringer et al. 1985). I observed a significant relationship between 
mistletoe/host 813Cp differences and host leaf N concentrations, consistent with previous 
reports (Ehleringer et al. 1985; Schulze et al. 1991; Bannister and Strong 2001). 
The observations of 8180µ and 818Oc and foliar N concentration in the present 
study can be used to formulate hypotheses aimed at explaining the variation in 
mistletoe/host 813Cp differences. Parasite/host differences in 813CP between A. preissii 
and A. miquelii could suggest a proportionally lower c/ca ratio in A. preisii relative to its 
host compared to that in A. niiquelii relative to its host. The observations of 818Op 
suggest that the parasite/host differences in transpiration rate were similar for the two 
mistletoe species, whereas observations of 818Oc suggest a larger parasite/host 
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difference in transpiration for A. preisii than A. miquelii. These observations indicate 
that a lower parasite/host difference in c/ Ca in A. preissii compared to A. miquelii would 
have to result from a proportionally higher photosynthetic rate in A. preissii relative to 
its host compared to that in A. miquelii relative to its host. However, I found that foliar 
N concentrations were similar between A. preissii and its Acacia host, as was the case 
for A. niiquelii and its Eucalyptus host. - Therefore, the inference of a higher 
photosynthetic rate in A. preissii relative to its host compared to A. miquelii relative to 
its host based on measurements of foliar N concentration alone is not justified. 
An alternative explanation_ is that A. preissii assimilated a larger amount of 
dissolved organic carbon from its host's transpiration stream than A. 1niquelii, thereby 
taking on a higher degree of partial heterotrophy. In a previous study of mistletoes and 
their hosts in southwestern Australia (Pate et al. 1991), the Eucalyptus host of A. 
1niquelii was reported to have a xylem sap total amino acid concentration of 0.83 mmol 
L-1, whereas the Acacia host of A. preissii had a xylem sap total amino acid 
concentration of 2.4 mmol L-1, approximately three-fold higher. In the few cases where 
the 813 C of xylem sap dry matter has been measured, it was consistently less negative 
than that of leaf dry matter from the same plant (Richter et al. 1995; Yoneyama et al. 
1998; Chapter 2), with an average difference of 1.0%-o for four Acacia species (Richter 
et al. 1995). Thus, I can hypothesize that the assimilation of a larger amount of amino 
acids and other compounds relatively enriched in 13C and dissolved in the host 's 
transpiration stream caused the 813 Cp of A. preissii to resemble its host more closely 
than that of A. 1niquelii did its host. 
5.5.3. Root he,niparasite 8 80 and 83C 
I found that leaf dry matter of root hemiparasites was less enriched in 180 and 
13C than that of their hosts; a erage parasite/host differences were -1.0o/o-o for 818Op, and 
-l.-%0 for 813Cp. Results vvere the same for both annual and perennial root 
hemiparasites. This suggests a general trend of higher transpiration rates and lower 
\, ater use efficiency for root hemiparasites when compared to their hosts in 
southv, estem Australia, although notably not to the same extent as the mistletoe species 
that I examined. Previous assessments of the v ater use efficiency of root hemiparasites 
in relation to their hosts ha e resulted in both lo er estimates (Press et al. 1988; Press et 
al. 1993 · D,ucharme and Ehleringer 1996; LechoV\rski 1996; Pate and Bell 2000), and 
snnilar or higher estimates (P·ate et al. 1990a; Tennakoon et al. 1997; Lo eys et al. 
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2001). Pate et al. (1990a) previously observed no difference in 813Cp between 0. 
phyllanthi and its hosts in the coastal heath near Denmark, W estem Australia. In 
contrast, I observed a difference of -1.0%0 for 813Cp, and a corresponding difference of -
1.5%0 for 818OP for 0. phyllanthi in the same location. The contrasting results might 
relate to changes in the successional status of the vegetation community, or to temporal 
variations in resource availability. It is worth noting that root hemiparasites can also 
gain carbon by assimilating xylem-borne solutes from their host's transpiration stream 
(Press et al. 1987; Press et al. 1988; Ducharme and Ehleringer 1996; Tennakoon and 
Pate 1996b ), and that such heterotrophy will cause variation in leaf dry matter 813C 
unrelated to parasite c/ca. However, the likely net effect is to cause parasite 813C to be 
less negative than it otherwise would be, thereby causing differences in water use 
efficiency between parasite and host to be underestimated, if anything. 
Parasite/host differences in 8180c appeared to be similar to those in 818OP. In 
contrast, 813Cc did not show the same parasite/host difference that 813Cp did. It is 
possible that leaf cellulose 813C contains a signature that is temporally separated from 
that contained in total leaf dry matter, or that post-photosynthetic fractionations differ 
between the parasites and their hosts. Further research would be helpful in clarifying 
the contrasting results between 813CP and 813Cc for root hemiparasites compared to their 
hosts. 
Our analysis did not detect variation in parasite/host isotopic differences among 
the different species of root hemiparasites. However sampling frequencies were rather 
low for most of the species. Thus, an improved experimental design in the future may 
well show meaningful differences among different species of root hemiparasites in their 
isotopic behavior in relation to their hosts. 
5.5.4. Holoparasite 8 80 
The dry matter and cellulose of holoparasites were enriched in 180 compared to 
their hosts, showing parasite/host 8180P and 8180 c differences of +3.0%o and + 1.2%0, 
respectively. This was not simply a reflection of a more enriched tissue water, as the 
tissue water in the holoparasites was less enriched than host leaf water by -3.8%0 when 
sampled at midday. Transpirational water loss is generally very low for holoparasites 
(Raven 1983); it has been assessed as less than 2% of the host's transpiration rate in 
0robanche (Hibberd et al. 1999), and as roughly the same as the amount of water used 
for tissue growth in Cuscuta (Jeschke et al. 1994a; Jeschke et al. 1994b ). If one 
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assumes little or no evaporational enrichment after uptake, the holoparasite tissue water 
8180 values are consistent with host phloem water being the main water source. Within 
the host, the phloem water 8180 is expected to be intermediate between that of leaf 
water and that of xylem water (Chapter 2; Chapter 4). A symplastic connection 
between host sieve elements and haustorial cells in Cuscuta was recently demonstrated 
(Haupt et al. 2001), which would allow direct uptake of host phloem water together 
with solutes. 
Equation ( 5 .3) can be used to construct hypotheses aimed at explaining the 
enrichment in 180 of holoparasite dry matter and cellulose relative to their hosts. In the 
case of holoparasites, the terms 8180L and 8180s in equation (5.3) would refer to values 
for the host, and thus would not differ between the two partners. Therefore, I can 
hypothesize that the difference between parasite and host lies in the term PexPx• If the 
parasite uses exclusively phloem water, this may lead to a lower Px value in the parasite, 
because developing cells in the host would be expected to contain a mixture of phloem 
water and xylem water (Lalonde et al. 2003). Alternatively, Pex may be lower in the 
parasite than in the host. There is at least one report suggesting that Pex may decrease if 
sink strength is high and carbohydrate supply is limiting (Barbour and Farquhar 2000). 
A final hypothesis is that Px is effectively lower in the parasite, not, however, caused by 
a difference in use of phloem versus xylem water, but rather by evaporative enrichment 
of water within the holoparasite. Although evaporation rates are very low compared to 
the host, some evaporation must occur fro1n the tissue of the holoparasite. The small 
enrichinents in tissue water caused by this evaporation may build up over time because 
the residence time of water in the holoparasite is likely to be long. In an analogous 
situation, water in twigs of deciduous trees was observed to increase in 8180 by several 
per mil during the leafless winter months, before returning to the value of soil water 
when leaves developed (Forstel and Butzen 1983). Notably, the parasite/host trend for 
8180 in dry 1natter of holoparasites agrees with the trend for 8D; holoparasites were 
consistently enriched in dry matter 8D compared to their hosts (Ziegler 1994, 1996). 
5.5.5. Holoparasite 83C 
I found that the holoparasites that I analyzed were consistently enriched in 813CP 
relative to their hosts. In a previous comparison of holoparasite/host 813Cp, it was 
concluded that the two were not significantly different (Ziegler 1994). I re-analyzed the 
data presented in Table 19 .2 of that report and found that there was one anomalous pair 
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in the parasite/host comparison that caused the two not to differ statistically; the pair in 
question lists a value of -24.8%0 for Cuscuta hyalina Heyne ex Roth growing on Zea 
mays L. with a value of -14.6%0. This datum is likely erroneous (H. Ziegler, personal 
cormnunication), because it implies that Cuscuta assimilated most of its own carbon via 
the C3 photosynthetic pathway. In contrast, Cuscuta is known to be a phloem-feeding, 
obligate holoparasite, and has been shown to assimilate less than 1 % of its own carbon 
by its own photosynthesis (Jeschke et al. 1994a). Excluding this particular datum from 
the data set results in an average difference between holoparasites and hosts of+ 1.0%0 
(P=0.007, n=27), similar to the average difference that I observed of + 1.5%0. Such 
results are also consistent with observations of holoparasitic plants in South Africa ( de 
la Harpe et al. 1981). I calculated an average enrichment of+ 1.4%0 (P=0.06, n=l2), 
based on data presented in Table 3 of de la Harpe et al. 
The less negative holoparasite 813Cp relative to host leaves is consistent with a 
general pattern of 13C enrichment in heterotrophic plant tissues relative to the leaves 
supplying them with photosynthate. This pattern has been observed in wood (Craig 
1953; Leavitt and Long 1982; Francey et al. 1985), roots (Gebauer and Schulze 1991; 
Ineson et al. 1996; Syvertsen et al. 1997), fruits (Yoneyama and Ohtani 1983; Chapter 
2), and emerging leaves (Terwilliger 1997; Terwilliger et al. 2001 ). In cases where 
813Cc was analyzed, the pattern was generally the same as for 813CP (Leavitt and Long 
1982; Terwilliger et al. 2001). This contrasts with 1ny results for holoparasitic plants, in 
which 813Cp was less negative than that of the leaves supplying them with 
photosynthate, but 813Cc was not. It should also be noted that not all holoparasitic 
plants show less negative 813CP than their hosts; for example, the holoparasitic mistletoe 
Tristerix aphyllus consistently showed 813CP values more negative than its hosts (Kraus 
et al. 1995). 
The Cuscuta and Cassytha holoparasites that I sampled were assumed incapable 
of net photosynthesis, as has been demonstrated elsewhere by gas exchange 
1neasurements ( de la Harpe et al. 1981; Jeschke et al. 1994a). However, members of 
both genera have been reported capable of low rates of 14CO2 fixation (MacLeod 1961; 
de la Harpe et al. 1979). This photosynthetic capacity allows the plants to refix some 
respiratory CO2 in the light. Thus, although there is not a net uptake of CO2 from the 
atmosphere, there is a reduced rate of CO2 efflux from the plants in the light compared 
to the CO2 efflux rate in the dark (de la Harpe et al. 1981; Jeschke et al. 1994a). An 
analogous situation exists in woody tissues, where some respired CO2 can be refixed in 
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the light by photosynthetic bark ( e.g. Cemusak and Marshall 2000). This process has 
been shown to result in the retention of carbon having a 813C value more negative than 
that of the dark-respired CO2 (Cemusak et al. 2001). The same process would be 
expected during refixation in holoparasitic plants. However, it would appear that the 
refixation of CO2 relatively depleted in 13C is_ generally not sufficient to counter the 
process that causes the dry matter of holoparasites to be enriched in 13C compared to 
their hosts. 
5.5.6. All species 8 80 and 83C 
I observed an increase of 2.6%0 in 818OP between the December sampling and 
the February sampling averaged across all species; in contrast there was no change in 
813 Cp (Figures 5.3A and 5.3B). I previously observed a variation of 4%o in 818OP of 
Lupinus angustifolius L. leaves over the course of a diel cycle (Chapter 2); the variation 
was attributed to the daily accumulation and export of carbohydrates in equilibrium 
with 818OL. Given the apparent plasticity of the 818OP of leaves in response to variation 
in 818OL, a seasonal shift across most species is not surprising. The magnitude of 
seasonal variation that I observed in 818OP in southwestern Australia agrees well with 
recent observations for Picea abies in Switzerland, where 818OP of current-year leaves 
increas_ed by 2.1 %0 from spring to summer (Jaggi et al. 2003). 
I observed a large variation among species in Ecp, the difference between 818OP 
and 818Oc (Table 5.4). This may reflect differences a~ong species in the timing and 
dynamics of leaf expansion. Other factors such as variation in leaf carbohydrate 
concentration or composition may also contribute. Until the processes underlying 
variation in Ecp are better understood, it would be premature to conclude that 818OP or 
818Oc is likely to provide a more useful integrated record of 818OL. 
Of the consistent differences that I observed in isotopic composition between 
parasitic plants and their hosts, some were easily interpretable in terms of mechanisms 
causing the variations. In other cases, data necessary for testing explanatory hypotheses 
were not available; these hypotheses await experimental testing in the future. Data 
describing the chemical and isotopic composition of solutes procured by parasites from 
the xylem and phloem sap of their hosts would be especially helpful in enabling some 
of these hypotheses to be tested. 
105 
Chapter 6 
Chapter 6: Environmental and physiological controls over 
the oxygen and carbon isotope composition of the Tasmanian 
blue gum, Eucalyptus globulus 
6.1. Abstract 
I measured oxygen isotope ratios (8180) of xylem sap, phloem sap, leaves, 
wood, and bark of Eucalyptus globulus growing in southwestern Australia. Carbon 
isotope ratios (813C) were measured in dry 1natter of phloem sap, leaves, and wood. 
Results were used to test several aspects of a mechanistic model of oxygen isotope 
enrichment, and additionally provided insights into post-photosynthetic variations in dry 
matter 813C. Xylem water 8180 varied little within different parts of the tree crown. 
Landscape-level variation in xylem water 8180 was more pronounced, with plantations 
near the coast being enriched by up to 3 %0 compared to plantations less than 100 kin 
inland. Phloem water was significantly enriched in 180 compared to xyle1n water in 
two of three sampling campaigns; mean enrichments were 0.5 and 0.8%0. Phloem sap 
sugars exported fro1n E. globulus leaves closely reflected observed leaf water 
enrichment when diurnal variation in photosynthesis was taken into account. 
Photosynthesis was higher in the 1norning than in the afternoon, whereas leaf water 180 
enrichment increased to maximum values in the afternoon. A non-steady state model of 
leaf water 180 enrichment accurately predicted observed values through a full diel 
cycle. Mean esti1nates of the proportion of organic oxygen effectively exchanging with 
xylem water during cellulose synthesis were very close to 0.40 for both leaves and 
wood. Carbon isotope ratios of nascent xylem tissues did not differ from those of 
phloem sap sugars collected concurrently. Nascent leaf tissues, on the other hand, were 
depleted in 13C compared to phloem sap sugars by 2%o. These 813C results suggest that 
in E. globulus, 13C enrichinent of sink tissues compared to source leaves does not result 
fro1n an enriching process within the sink tissue itself. 
6.2. Introduction 
Oxygen and carbon stable isotope ratios have become valuable tools for 
investigating plant ecophysiology and ecosystem processes (Yakir and Sternberg 2000; 
Adams and Grierson 2001; Dawson et al. 2002; Ehleringer et al. 2002; Maguas and 
Griffiths 2003). Mechanisms underlying variation in carbon isotope discrimination by 
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plants are generally well understood (Farquhar et al. 1989a); however, some patterns 
remain unexplained, such as the frequently observed enrichment of heterotrophic plant 
tissues in 13C compared to the leaves supplying them with photosynthate (Brugnoli and 
Farquhar 2000; Hobbie and Werner 2004). Oxygen isotope ratios in plant organic 
material have been measured far less often than carbon isotope ratios. Although much 
progress has been made recently toward establishment of a general, synthetic model of 
oxygen isotope enrichment in plant organic material (Saurer et al. 1997; Farquhar et al. 
1998; Barbour and Farquhar 2000; Roden et al. 2000; Helliker and Ehleringer 2002; 
Barbour et al. in press-b ), some theoretical aspects remain untested, especially under 
field conditions. 
In this paper, I present observations of oxygen isotope ratios of xylem sap, 
phloem sap, leaves, wood, and bark in the Tasmanian blue gum, Eucalyptus globulus 
Labill., growing in several plantations in southwestern Australia. These observations 
were used to test several aspects of a mechanistic model of oxygen isotope enrichment 
in plant organic material. Additionally, I present analyses of carbon isotope ratios in 
phloem sap, leaves, and wood, and discuss results in terms of the process or processes 
likely to cause 13C enrichment in heterotrophic plant tissues compared to source leaves. 
6.3. Theory 
Liquid water within leaves becomes enriched in the heavy isotope 180 during 
transpiration (Gonfiantini et al. 1965). Under steady-state conditions, the 180 
enrichment at the evaporative sites within leaves (Li 180e) can be modeled as (Craig and 
Gordon 1965; Dongmann et al. 1974; Farquhar and Lloyd 1993) 
(6.1) 
where £ + is the equilibrium fractionation between liquid water and vapor at the air-water 
interfaces, Ek is the kinetic fractionation that occurs during water vapor diffusion from 
the leaf intercellular air space to the atmosphere, Li 18Ov is the isotopic enrichment of 
vapor in the atmosphere compared to source water, and ea/ ei is the ratio of ambient to 
intercellular vapor pressures. The equilibrium fractionation, £ +, can be calculated from 
a regression equation relating it to temperature (T, in K) (Bottinga and Craig 1969): 
€ + (o/oo) = 2.644-3.20{ 1~3 ) + 1.53{ 1; :) (6.2) 
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The T in this application of equation ( 6.2) refers to leaf temperatuere. The kinetic 
fractionation, Ek, can be calculated as (Farquhar et al. 1989b) 
(% ) _ 32r5 + 2lrb £k oo - , 
rs +rb 
(6.3) 
where rs and rb are the stomatal and boundary layer resistances to water vapor diffusion 
(m2 s mor1), and 32 and 21 are associated fractionation factors scaled to per mil. Note 
that these fractionation factors have been revised up from values of 28 and 19, 
respectively, based on new measurements showing the isotope effect for diffusion of 
H2180 in air to be 1.032 (Cappa et al. 2003), rather than 1.028 (Merlivat 1978). 
Throughout this paper, I express the oxygen isotope enrichment of any water or dry 
1natter co1nponent (ii180) relative to source water as ii180 RIRs-l, where R is 180/160 
of the sainple of interest and Rs is 180/160 of source water. Equation ( 6.1) is a 
convenient approximation of the mathematically correct fonn of this particular model, 
which it underestimates by about 0.1 %0 (Farquhar and Lloyd 1993). I consider this bias 
to be negligible, as discussed in more detail elsewhere (Chapter 4). 
The ii 180 of water in the leaf mesophyll is expected to be less than that at the 
evaporative sites due to the influx of relatively unfractionated vein water. Farquhar and 
Lloyd (1993), and more recently Farquhar and Gan (2003), suggested that the ii 180 of 
average lainina mesophyll water (ii180L) could be related to ii180 e as 
11I80L = /118 oe V- e-P) , 
fcJ 
(6.4) 
where fcJ is a lamina radial Peclet nu1nber (Farquhar and Gan 2003), defined as 
ELI( CD), where Eis transpiration rate (mol m-2 s- 1), L is a scaled effective path length 
(1n), C is the molar concentration of water (mol m-3), and D is the diffusivity of H2 180 
in water (1n2 s- 1). 
Barbour and Farquhar (2000) related the 180 enrichment of plant cellulose 
(ii 180c) to ii 180L as 
(6.5) 
where Pex is the proportion of oxygen atoms exchanging with medium water in the 
developing tissue during cellulose synthesis, Px is the proportion of unenriched source 
water in the developing tissue, i.e. water originating from the xylem rather than the leaf 
1nesophyll, and Ewe is the equilibrium fractionation between organic oxygen and 
mediu1n water, which has a value of +27%o (Sternberg and DeNiro 1983; Sternberg et 
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al. 1984; Y akir and DeNiro 1990). The term Px is expected to be less than unity 
because enriched water can be transferred from the leaf mesophyll into developing cells 
by translocation in the phloem (Barbour and Farquhar 2000; Chapter 2; Chapter 4). I 
suggest that Px can be calculated as 
(
b.180 ] 
p x = l - p 18 pw , 
b. OL 
(6.6) 
where p is the proportion of water in the developing cell commg from phloem as 
opposed to xylem, and Li 180pw is the phloem water enrichment compared to source 
water. Thus, Px measures the extent to which water in the developing cell is xylem-like 
in its oxygen isotope composition. The term p is a measure of the deviation from this 
state caused by the contribution of phloem water; however, phloem water only has an 
effect if it is enriched, and (Li 180pwl Li 180L) is a measure of how enriched, or how 
mesophyll-like, it is. Equation (6.6) assu111es that water in the developing cell is not 
further enriched by evaporation after it has entered the cell; it may need to be modified 
for application in leaves if it is found that water in developing leaf cells becomes 
directly enriched by transpiration while cellulose synthesis is occurring. Barbour and 
Farquhar (2000) suggested that Pex can be modeled as 
Pex=0.2+y[0.6+ 0.2 J, (6.7) 
2-y 
where y is the proportion of hexose phosphates that cycle through to triose phosphates 
before being incorporated into cellulose. Barbour . and Farquhar (2000) further 
suggested that a term Ecp could be added to the right side of equation (6.5) so that it 
could be applied to b.180 of total dry matter (b. 180p), in addition to cellulose: 
(6.8) 
The term Ecp is an empirical term, and is simply calculated as the difference between 
~
180 for total dry matter and ~ 180 of cellulose extracted from it. 
Equation (6.1) predicts evaporative site water enrichment under steady state 
conditions. Whereas leaves may be likely to reach isotopic steady state in the early 
afternoon (Harwood et al. 1998), there will undoubtedly be times when leaf water 
enrichment is not at steady state.- Therefore, non-steady state variation must be 
considered when modeling leaf water 180 enrichment in the field. Farquhar and 
Cemusak (in preparation) have derived a non-steady state modification of equation 
(6.4): 
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(6.9) 
where L'.1 180Ln is the non-steady average lamina leaf water 180 enrichment, Wis the 
lamina leaf water concentration (mol m-2), t is time (s), g is the total conductance to 
water vapor of stomata plus boundary layer (mol m-2 s-1), and Wi is the mole fraction of 
water vapor in the leaf intercellular air spaces (mol mor1). Because the term L'.1 180Ln 
occurs on both sides of equation ( 6.9), it 1nust be solved iteratively. I suggest that the 
solver function in Microsoft Excel provides a simple means of achieving this. Equation 
( 6.9) is similar to the non-steady state equation presented for average lamina leaf water 
in Chapter 2, but differs in the inclusion of the term (1-e- EP )/ fp. The inclusion of this 
term represents a revision to the derivation, as will be explained by Farquhar and 
Cernusak (in preparation). 
Under field conditions, equation (6.5) should be modified such that the leaf 
water enrichment term is weighted by photosynthesis: 
f A A18 0 18 ./:1D L ( ) /'J. Oc = f A I - P exP x + 5 wc, (6.10) 
where fAL'.1 180L is the daily integral of the product of photosynthesis and leaf water 
enrichment (%0 mol m-2) and fA is the daily integral of photosynthesis (mol in-2). This 
modification of equation ( 6.5) allows for differing diurnal patterns of variation in L'1 180 L 
and A . Equation (6.8) can be similarly modified: 
18 f M1 8or ( ) 
/'J. O p = f A I - P exP x + 5 we + 5 cp 
6.4. Materials and Methods 
6.4.1. Sampling canipaign 1 
(6.11) 
Sainples for L'.1 180 analysis were collected from Eucalyptus globulus Labill. 
plantations in southwestern Australia on three occasions. An overview of the sampling 
sites is shown in Figure 6.1. Locations, year of planting, and sampling date are given in 
Table 6.1. 
The first sampling campaign took place at the Mount Barker plantation on 3 
November, 2000. Six trees, approximately 5 min height, were harvested at two to three 
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hour intervals beginning at 0500 hrs and finishing at 2000 hrs. Leaves were collected 
separately for leaf water extraction from the upper and lower canopy. One fully-
expanded leaf was collected .from each of four sides of the tree, and one half of the 
lamina quickly separated from the midrib. The four lamina halves were sealed together 
in a glass tube with a rubber stopper embedded in a screw cap. Sampled leaves had 
areas of approximately 60 cm2. Newly emerged leaves at the apex of the main stem 
were also collected for water extraction. The upper-most 3 cm of the apices was 
collected, which included leaves with areas ranging from 0.1 to 3 cm2. 
Table 6.1. Locations, year of planting, and time of sampling for E. globulus plantations 
in southwestern Australia. 
Plantation Lattitude Longitude Year of Time of sampling 
planting 
Denbarker -34°42'41" s 117°30'22" E 1997 December 2001 
Denmark -34°58'45" s 117°20'06" E 1999 December 2001 
Eulup -34°36'51" s 117°33 '04" E 1997 December 2001 
Frankland -34°19'24" s 116°57'26" E 1997 December 2001 
Kwomicup -34°33'24" s 117°24'24" E 1997 December 2001 
Mount Barker -34 °32 '28" s 117°30'24" E 1999 November 2000, 
March 2001 
Peaceful Bay -35°01 '36" s 116 ° 5 3 '44'' E 2000 December 2001 
Redmond -34°54'19" s 117°36'39" E 1997 December 2001 
St. W erburghs -34°39'32" s 117°34' 19" E 1997 December 2001 
Gas exchange was measured on five to 10 fully-expanded leaves from the upper 
and lower canopy under ambient conditions with an LCA 4 portable gas exchange 
system (ADC Bioscientific Ltd, Hoddesdon, Hertfordshire, UK). Leaf temperature of 
five leaves was measured with a 0.13 mm-diameter chromel-constantan thermocouple 
(Omega Engineering, Stamford, CT, USA). Ambient air temperature and relative 
humidity were measured with a Vaisala temperature and humidity probe (Vaisala Inc, 
Helsinki, Finland). 
Phloem sap was collected from the upper and lower main stem, as described 
previously for E. globulus (Pate et al. 1998). Phloem sap droplets were attracted into 
microcapillary tubes immediately upon exudation and expressed into small vials which 
were sealed to prevent evaporation. Xylem sap was collected from the upper and lower 
main stem by ·a mild-vacuum extraction technique described previously (Jeschke and 
Pate 1995; Dawson and Pate 1996; Pate and Arthur 2000; Chapter 2). All samples were 
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frozen upon collection in a portable freezer. Leaf and apex water was later extracted by 
cryogenic distillation. 
6.4.2. Sampling campaign 2 
The second sampling campaign took place at the Mount Barker plantation on 13 
and 14 March, 2001. Five trees, 5 to 6 m tall, were harvested at times varying between 
0530 hrs and 1500 hrs. The leaf water sampling scheme was similar to that conducted 
in the first campaign, except that the canopy was stratified into four levels instead of 
two. Phloem and xylem sap were collected from four levels of the main stem, as well 
as from inner and outer branches of canopy level two, where level one was the base of 
the crown, and level four the top. Xylem wood and bark were also collected from the 
stem or branch sections from which phloem sap and xylem sap were collected, and 
quickly sealed in glass tubes. Xylem wood from the stem sections sampled for xylem 
water by mild-vacuum extraction was later subjected to cryogenic distillation to test 
whether the non-mobile xylem water in the stem had a different isotopic signature from 
the mobile xylem water. 
6.4.3. Sampling campaign 3 
The third sampling ca1npaign took place between 5 and 12 December, 2001. 
The first experiment in this sampling campaign was aimed at exan1ining isotopic 
:fractionation between phloem sap sugar and newly synthesized xylem wood. Phloem 
sap, newly differentiated xylem tissue, and mature xylem tissue were sampled from six 
trees at each of six plantations of similar age, and distributed over a rainfall and 
productivity gradient. These plantations were Denbarker, Eulup, Frankland, 
Kwomicup, Redmond, and St. Werburghs. Trees in these plantations ranged from 
approximately 10 to 16 1n in height. Phloem sap was collected from near breast height 
in the manner described previously. A square window of bark, approximately 15 cm by 
15 cm, was then removed from the same location. The gelatinous layer of recently 
differentiated xylem tissue was gently scraped off the inner face of the exposed surface 
of cainbium with a clean razor blade and placed into a vial of ethanol. This sampling 
procedure has been described previously in more detail (Pate and Arthur 1998). A 
chisel and hammer were used to quickly remove two to three pieces of 1nature xylem 
tissue (approximately 0.75 cm wide by 3 cm long), penetrating radially to 
approxi1nately 0.75 cm depth from the cambium surface. These tissues were sealed in 
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glass tubes and frozen. Xylem water was later extracted from these tissues by 
cryo genie distillation. 
The second experiment 1n the third sampling campaign was aimed at 
investigating the diel variation in .6.180 of leaf water, phloem sap, and leaf dry matter. 
Sampling took place at the Denmark plantation on 7 and 8 December, 2001. Samples 
were collected ten times at approximately 3 hr intervals between 1800 hrs on day 1 and 
2030 hrs on day 2. For each sample collection time, three uniform trees of 
approximately 10 m height were selected. Fully-expanded leaves were collected from 
the lower-middle canopy as described previously. Phloem sap was collected from the 
main stem at the same canopy height. Xylem water was collected by mild-vacuum 
extraction from one branch on each tree at the same canopy height. Atmospheric water 
vapor in the vicinity of the sampled trees was collected by drawing canopy air through 
an ethanol-dry ice trap at a flow rate of approximately 1 L min-1• Three leaves from 
each sampled tree were collected and quickly sealed and frozen in glass tubes for 
gravimetric measurement of leaf water concentrations. Gas exchange was measured on 
five to 10 leaves, and leaf temperature, air temperature, and relative humidity were 
measured as described above. 
The third component of the third sampling campaign was aimed at investigating 
variation in bark and xylem water along the length of branches, and at comparing leaf 
water and dry matter enrichment in expan_ding versus fully-expanded leaves. Sampling 
took place on 12 December, 2001 at the Peaceful Bay plantation. Three fully expanded 
leaves were sampled from the middle canopy of five trees, and half the lamina of each 
retained for leaf water extraction. Ten expanding leaves were sampled from each of the 
same trees. These leaves had areas of approximately 10 cm2, whereas the fully-
expanded leaves had areas of approximately 60 cm2 . The midrib was quickly cut out 
with a razor blade and both halves of all ten lamina retained for leaf water extraction. A 
branch section was cut from each tree from near where the branch joined the main stem. 
Xylem and bark tissue were separated and quickly sealed and frozen in glass tubes. The 
procedure was repeated with a branch section from halnvay between the branch base 
and branch tip. The second internode from the branch tip was then collected from eight 
branches on each tree and quickly separated into bark and xylem, which were sealed in 
glass tubes and frozen. Water in all these samples was later extracted by cryo genie 
distillation. 
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Figure 6.1. A map of southwestern Australia showing the location of sampled E. 
globulu plantations. The town of Albany is shown as a point of reference. Note that 
the coastline in the vicinity of the sampled plantations is ve1y close to 35°S latitude. 
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6. 4. 4.. Isotopic analyses 
Oxygen isotope ratios of water and dry matter samples were measured as 
described previously (Farquhar et al. 1997). Analyses took place in an Isochrom mass 
spectrometer (Micromass, Manchester, UK) following pyrolysis in a Carlo Erba 
elemental analyzer (CE Instruments, Milan, Italy) or a custom-built furnace. Phloem 
sap dry matter oxygen isotope ratios were measured on samples that were oven-dried 
overnight at 60°C. Samples were sealed under argon in tin cups immediately following 
removal from the drying oven to prevent hydration of the sugars by vapor in the 
ambient air (Chapter 3). Phloem sap water oxygen isotope ratios were determined as 
described previously (Chapter 2), based on a technique for determination of the water 
component of a homogenous mixture of water and dry matter (Gan et al. 2002). 
Oxygen isotope ratios were obtained in delta notation (8180) expressed relative to 
Vienna Standard Mean Ocean Water. Precision of analyses, based on repeated 
measurements of laboratory sucrose and water standards, was +0.3%o. The 8180 values 
of all components except xylem water are expressed as enrichment above xylem water 
(~ 180), calculated as ~ 18O=(818O-818Ox)/(1 +818Ox), where 8180 refers to the sample of 
interest and 818Ox is the corresponding value for xylem water. 
Carbon isotope ratios of dry matter samples were analyzed in an Isochrom mass 
spectrometer (Micromass, Manchester, UK) following combustion in a Carlo Erba 
elemental analyzer (CE Instruments, Milan, Italy). Values were obtained in delta 
notation (813C) relative to the Pee Dee Belemnite standard. The 813C values were then 
converted to carbon isotope discrimination values (~ 13C) according to the equation 
~ 13C=(813Ca-813C)/(1 +813C), where 813C is the sample of interest and 813Ca is the value 
for CO2 in the air. The 813Ca was assumed to be -7.8%0. 
Approximately half the dry matter samples were subjected to a-cellulose 
extraction. The extraction procedure was as described by Barbour and Farquhar (2000), 
based on the modified technique of Loader et al. (1997). The a-cellulose samples were 
analyzed first for 8180, then for 813C if sufficient sample remained. The collections of 
recently differentiated xylem tissues were washed three times in 80% ethanol and oven 
dried prior to isotopic analyses (Pate and Arthur 1998). Dry matter was then bulked for 
the six trees from each plantation to provide sufficient material for a-cellulose 
extraction. 
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A subset of 10 phloem sap samples was randomly selected and the ionizable 
solutes removed with a cation/anion exchange resin (Bio-Rad AG 501-X8, Bio-Rad 
Laboratories, Hercules, CA, USA). The remaining sugar fraction of the sap was oven 
dried and analyzed for 8180. Bulk phloem sap dry matter 8180 values did not differ 
from resin-treated sugar 8180 values (P=0.26 , n=l0); the mean difference was 0.3%0. A 
similar result was found for 813C of bulk phloem sap dry matter for E. globulus versus 
8180 of the purified sugar fraction (Pate and Arthur 1998). Based on these results, I 
concluded that the isotopic composition of the bulk phloem sap dry matter in my 
samples was representative of phloem sap sugars. No further attempt was made to 
separate the sugar and non-sugar fractions for isotopic analyses. 
6. 4. 5. Isotopic calculations 
The term Pex was calculated for the recently differentiated xylem tissue samples 
and the stem apices with equation (6.10) by replacing the term (fAii180L / fA) with the 
term (Li180 suc- Ewc) , where Li180 suc is the oxygen isotope enrichment measured in phloem 
sap dry matter (Barbour et al. 2000b; Chapter 4). The term Px was estimated from 
equation (6.6) by similarly replacing ii180 L with (Li180 suc-Ewc)- Literature estimates of 
p, the proportion of water in developing cells coming from phloem rather than xylem, 
range from 0.5 to 0. 8 (Schmalstig and Cosgrove 1990; Bret-Harte and Silk 1994; 
Pritchard et al. 2000). I assumed an intennediate value of 0.65 for calculations of Px· 
An additional estimate of Pex was made for fully-expanded leaf samples by 
plotting their Li 180p values against corresponding ii 180 suc for phloem sap collected from 
the same tree from the same canopy height. Equation (6 .11) was modified by replacing 
(fALi 180L / fA) with (Li 180suc- Ewc) and rearranged: 
(6.12) 
Using equation (6.12), the term (l -PexPx) can be estimated from the slope of a regression 
analysis of the relationship between ii 18 0 P and ii 180 suc • Such an analysis requires some 
assumptions, namely that xylem water 8180 and ii 180 suc are the same as when leaf dry 
matter was formed. Additionally, the terms PexPx and Ecp are assumed constant. These 
assumptions will be addressed in the discussion. 
In the third sainpling campaign, during the diel leaf water collections, gas 
exchange was not measured for the nighttime collection times when the ambient vapor 
pressure was near saturation. For leaf water modeling at these times, stomatal 
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conductance was assumed to be 20 mmol m-2 s-1, based on measurements of nighttime 
stomata! conductance in another Eucalyptus species (L. Cernusak, unpublished data). 
For leaf water modeling, boundary layer conductance was assumed to be 0.9 mol m-2 s-
1. The scaled effective path length, L, for calculation of the Peclet number in equations 
(6.4) and (6.9), was estimated from the discrepancy between predicted ~ 180e and 
observed ~ 180L in early afternoon samples when ~ 180L was assumed to be at steady 
state. 
Variation in isotopic parameters _was assessed with analysis of variance, linear 
regression, or paired t-test. In cases where pair-wise comparisons were made following 
analyses of variance, Tukeys method was used. Statistical analyses were performed in 
SYSTAT 9.0 (SPSS Inc, Chicago, IL, USA). 
6.5. Results 
6.5.1. Xylem water 8 80 
The plantations that I sampled were located across a latitudinal gradient that also 
corresponds to a rainfall gradient (Figure 6.2). Total rainfall for 2001 decreased 
linearly with south latitude for seven weather stations located in the vicinity of the 
sampled plantations, and covering approximately the same latitudinal range. As seen in 
Figure 6.1, the coastline in this part of southwestern Australia runs in an east-west 
direction, such that distance north from -35° South latitude is effectively a measure of 
distance from the coast. Locations of the plantations that I sampled thus varied from 
very near the coast to approximately 80 km inland. Annual rainfall decreases sharply as 
one progresses inland, and there is a corresponding, and linearly related variation in 
xylem water 8180 (Figure 6.3). Plantations nearer the coast during the December 2001 
san1pling campaign had xylem water that was enriched in 180 by as much as 3%o 
compared to plantations furthest inland. 
There was a slight tendency for xylem water in upper stems to be enriched in 
180 relative to that in lower stems in the trees sampled at the Mount Barker plantation in 
November 2000. Mean values were -3.6 and --4.0%0, respectively; the difference was 
moderately significant (P=0.05, n=6). A similar tendency was observed at the same 
plantation in March 2001, with xylem water 8180 increasing from -3.7%0 at the base of 
the stein to -3.2%0 at the top of the stem (Table 6.2); this difference was not statistically 
significant. There was a tendency for xylem water sampled from branch tips at the 
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Peaceful Bay plantation to be enriched by about 1 %0 compared to xylem water sampled 
from the middle and bases of branches (Table 6.3). 
The 8180 of mobile xylem water extracted from stem xylem tissues by mild-
vacuum extraction did not differ from that of non-mobile xylem water extracted later 
from the same tissues by cryogenic distillation (P=0.34, n=20). Mean values were -
3.5%0 and -3.7%0, respectively. Bark water 8180 did not differ from xylem water 8180 
(P=0.59, n=I4). 
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Figure 6.2. Annual rainfall for 2001 plotted against south latitude for seven weather 
stations in the vicinity of the sa1npled plantations, and covering approximately the same 
latitudinal range. 
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Figure 6.3. Mean xylem water 880 of sampled E. globulus plantations plotted against 
south latitude. At least five trees were sampled within each plantation; samples were 
collected in December 2001. Error bars represent 1 SE. 
6.5.2. Leaf water LIJ18O 
Observed leaf water 180 enrichment for fully-expanded leaves ranged from 6.3 
to 19.7%0. It was consistently lower than predicted ll180e during the day, and higher at 
night (Tables 6.3, 6.4 and 6.5; Figure 6.4). I did not observe a pronounced variation in 
observed ll 180L of fully-expanded leaves among different crown positions (Tables 6.4 
and 6.5). Enrichment of water extracted from stem apices was less than that observed 
in fully-expanded leaves by values ranging from 2.2 to 10.6%0, and showed a dampened 
diurnal cycle compared to observed ll 180L for fully-expanded leaves (Table 6.4). 
Expanding leaves collected at the Peaceful Bay plantation had 8180L values that were 
higher than those for fully-expanded leaves by 1.7%0; however this difference was 
reduced to 0.7%0 and was no longer significant when leaf water 8180L values were 
expressed as enrichment above xylem water (Table 6.3). 
119 
. 
. 
Chapter 6 
Table 6.2. Variation in isotopic parameters within the crown in E. globulus trees sampled at the Mount Barker plantation in March 2001. Values 
in parentheses are 1 SE (n =5). Values within a row followed by different letters are significantly different at P<0.05. Branches were sampled from 
the lower, middle crown. 
Isotopic parameter (%0) Main stein Branches 
Lower Lower, 1niddle Upper, 1niddle Upper Inner Outer 
Xyle1n water 8180 -3.7 (0.3) a -3.5(0.l)a -3.4 (0.1) a -3.2 (0.2) a -3.0 (0.4) a -3.5 (0.2) a 
Phloen1 sap 6. 180 suc 43.0 (0.6) a 42.4 (0.5) a 42.3 (0.4) a 41.8 (0.6) a 43.0 (0.8) a 42.0 (0.1) a 
Mature xylen1 6. 18OP 32.2 (0.7) a 30.7 (0.4) ab 31.0 (0.4) a 30.9 (0.3) a 28.7 (0.5) b 30.5 (0.4) ab 
Bark 6. 18OP 30.7 (0.5) a 30.6 (0.2) a 29.8 (0.7) ab 28.2 (0.5) ab 27.4 (0.9) b 28.8 (0.5) ab 
Leaf 6 18OP 33.7 (0.4) a 33.7 (0.3) a 34.1 (0.4) a 33.2 (0.2) a 
Phloem sap 6 13C 15:4 (0.3) a 15.2 (0.2) a 15.0 (0.1) a 14.8 (0.1) a 
Mature xylem 6 13 CP 17.3 (0.5) a 17.4 (0.3) a 16.6 (0.5) a 16.0 (0.5) a 
Leaf 6 13C p 19.6 (0.2) a 19.4 (0.3) ab 18.5 (0 .2) b 16.5 (0.3) C 
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Table 6.3 . . Xylem water 88 0 in different branch sections of E. globulus, along with observed 
lamina leaf water 880. Values ·in parentheses are 1 SE (n=5). Values within a row followed 
by different letters are significantly different at P<0.05. Note that the observed leaf water 880 
is different between fully-expanded leaves on the middle of branches and expanding leaves at 
the tips,· however, the difference disappears when leaf water 880 is expressed as enrichment 
above xylem water (.iJ 180J. Samples were collected between 1300 and 1400 hrs at the Peaceful 
Bay plantation in December 2001. 
Isotopic composition (%0) 
Xylem water 8180 
Observed leaf water 8180 
Observed ~ 180L 
Predicted ~ 180e 
Base 
-2.5 (0.3) a 
Position on branch 
middle 
-2.4 (0.1) a 
10.8 (0.6) a 
13.3 (0.6) a 
15.4 
tip 
-1.5 (0.4) a 
12.5 (0.5) b 
14.0 (0.6) a 
15.4 
Table 6.4. Observed leaf water enrichment in samples collected at the Mount Barker plantation 
in November 2000. Also shown is the predicted steady-state evaporative site water enrichment 
at the times of collection. 
Leaf water 0 enrichment (%0) Time of day 
0500 0800 1100 1400 1700 2000 
Observed upper canopy~ 180L 10.3 9.5 11.1 19.7 16.2 12.5 
Observed lower canopy ~ 180L 9.2 9.1 10.9 16.5 16.6 12.4 
Observed stem apices ~ 180L 6.9 6.9 7.2 9.1 10.3 8.6 
Predicted steady-state ~ 180e 2.1 11.7 22.9 24.0 12.7 0.8 
Table 6.5. Observed lamina leaf water enrichment in samples collected at the Mount Barker 
plantation in March 2001. Also shown is the predicted steady-state evaporative site water 
enrichment at the times of collection. 
Leaf water O enrichment (%0) 
Observed upper canopy~ 180L 
Observed upper, middle canopy~ 180L 
Observed lower, middle canopy ~ 180L 
Observed lower canopy ~ 180L 
Predicted steady-state ~ 180 e 
1000 
11.5 
9.4 
6.8 
7.9 
18.6 
121 
Time, day 1 
1200 
13.2 
13.2 
13.3 
14.6 
21.9 
Time, day 2 
1500 0530 1000 
19.6 12.0 16.2 
18.8 11.9 15.4 
18.4 14.3 14.7 
17.3 15.1 14.4 
26.7 3.5 23.1 
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Departures from steady-state predictions of ,6. 180L were especially apparent at 
night, whereas non-steady state predictions using equation (6.9) were close to observed 
.6. 180L values throughout a full diel cycle (Figure 6.4). The 8180 values for atmospheric 
water vapor during the diel leaf water sampling at the Denmark plantation ranged from 
-10.8 to -14.0%0, yielding .6.180 v values ranging from -7.3 to -10.5%0. Leaf water 
concentrations ranged from 10.4 to 13.9 mol m-2 . Xylem water 8180 values did not 
show a diel trend, and averaged -3 .5 + 0.1 %0 (mean + 1 SE). Relative humidity and air 
temperature ranged from 0.51 to 0.95, and from 6.5 to 20.3°C, respectively. Leaf 
temperatures were generally within 1 °C of air temperature. Transpiration ranged from 
0 to 1.9 mmol m-2 s-1 on a projected leaf area basis. The scaled effective path length for 
E. globulus leaves was estimated to be 54 mm, using the revised values for Ek, or 25 
mm, using the previously accepted values for Ek. 
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Figure 6.4. Diel variation in observed and predicted oxygen isotope enrichment of E. globulus 
leaf water. The LJ180 L refers to average lamina leaf water, and LJ180 e to evaporative site water. 
Lines are model predictions, and points are observed values. Model formulations and details of 
input parameters are given in the text. Sampling took place at the D enmark plantation in 
December 2001. 
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6.5.3. Phloem sap LJ180pw 
Phloem water enrichment varied significantly among sampling dates (P=0.006, 
n=98); the mean value for March 2001 differed from that for November 2000 (P=0.02) 
and December 2001 (P=0.01), whereas values for November 2000 and December 2001 
did not differ (P=0.69). For phloem sap samples collected in November 2000, phloem 
water was significantly enriched compared to xylem water (P=0.02); mean ~ 180pw was 
0.8 + 0.4%0 (mean+ lSE). In March 2001, phloem water was not significantly enriched 
compared to xylem water (P=0.17). In December 2001, phloem water was enriched 
compared to xylem water by a mean value of 0.5 + 0.1%0 (P=0.001). Phloem water 
enrichment values for plantations at which recently differentiated xylem tissues were 
sampled in December 2001 are shown in Table 6.6. The mean value for the Denmark 
plantation, at which diel collections were made, was 0.3 + 0.2%0. 
6.5.4. Phloem sap L1180suc 
Observed phloem sugar 180 enrichment values ranged from 34.5 to 44.7%0, with 
a mean value of 40.1%0 (n=l0l). These enrichments correspond to inferred 
photosynthesis rate-weighted leaf water enrichments ranging from 7 .5 to 17. 7%o. I did 
not observe a pronounced variation in ~ 180suc at different canopy heights (Table 6.2). 
There was variation in ~ 180suc among plantations sampled in December 2001 (Table 
6.6). There appeared to be some variation in ~ 180suc of phloem sap samples collected at 
different times over the diel cycle at the Denmark plantation, with values increasing by 
about 1 to 2%o during the night. There was little variation in ~ 180suc at the Mount 
Barker plantation between samples collected in November 2000 and March 2001; mean 
values were 42.3 and 42.4%0, respectively. 
Observed ~ 180suc values accurately reflected observed ~ 180L values when the 
latter were weighted by photosynthesis rates, taking into account the fractionation 
between water and organic molecules of 27%0 (Table 6.7). Photosynthetic rates 
consistently decreased from morning to late afternoon (Figure 6.5A). I estimated that 
approximately 50% of daily photosynthesis occurred before 1100 hrs. In contrast, leaf 
water enrichment continued to increase well into the afternoon (Tables 6.4 and 6.5; 
Figures 6.4 and 6.5B). As a result, the leaf water signal that was recorded in the phloem 
sap sugars was less enriched than the maximum leaf water enrichment achieved in the 
late afternoon. 
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Table 6. 6. Mean isotopic composition of xylem and phloem sap, new xylem wood, and mature xylem wood at six E. globulus plantations in southwestern 
1ustralia. Samples were collected in December 2001 . Valu es in parentheses are 1 SE (n=6). Values within a row followed by different letters are significantly 
different at P <0. 05. N ew xylem tissue was bulked for each plantation/or cellulose extraction, giving only a single value for L1180 c and L113Cc. 
Isotopic paraineter (%0) Plantation 
Red1nond Denbarker St. W er burghs Eulup Kwomieup Frankland 
Xyle1n water 8 180 -3 .7 (0.4) a -4.6 (0.2) be -4.1 (0.4) ab -4.4 (0.2) ab -5.4 (0.1) e -5.5 (0.1) e 
Phloe1n sap f>. 18Opw 0.9 (0.6) a 0.1 (0.4) a 0.3 (0.2) a 0.8 (0.5) a 2.1 (0.8) a 0.5 (0.3) a 
Phloen1 sap f1 18Osuc 38.5 (0.5) a 39.5 (0.8) ab 37.2 (0.7) a 38.7 (0.2) a 3 7.8 (0.6) a 41.4 (0.8) b 
New xyle1n 6. 180p 26.7 (0.3) a 28.6 (0.5) b 27.8 (0.3) ab 28.1 (0.4) ab 28.2 (0.4) ab 29.0 (0.2) b 
. New xyle1n 6. 180 c 
-
31.7 34.3 34.5 32.7 36.2 36.6 
Mature xyle1n t>. 18 OP 29.8 (0.3) a 31.1 (0.4) ab 31.0 (0.3) ab 31.1 (0.4) ab 31.7 (0.5) b 31.6 (0.4) b 
Mature xylen1 6. 18Oc 35.1 (0.2) a 36.3 (0.3) ab 35.8 (0.4) ab 35.2 (0.4) a 37.1 (0.3) b 37.0 (0.4) b 
Phloen1 sap f1 13C 20.7 (0.3) a 20.0 (0.3) ab 18.9 (0.3) be 17.7 (0.3) e 18.5 (0.3) be 19 .1 ( 0. 7) ae 
New xyle1n 6. 13 Cp 21.4 (0.2) a 19.2 (0.4) b 18.6 (0.2) be 17.7 (0.2) e 17.9 (0.3) be 18.8 (0.5) be 
New xyle1n 6. 13Cc 21.0 19.1 19.3 17.8 17.9 18.1 
Mature xyle1n 6. 13 CP 22.0 (0.4) a 20.1 (0.4) b 19.5 (0.2) b 18.8 (0.2) b 19.4 (0.1) b 19.9 (0.4) b 
Mature xyle1n 6. 13Cc 21.5 (0.5) a 19.7 (0.4) b 19.0 (0.2) b 18.3 (0.2) b 19.0 (0.2) b 19.1 (0.4) b 
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Figure 6.5. Diurnal variation in (A) photosynthesis and (B) leaf water 180 enrichment 
in E. globulus. Measurements were made at the Mount Barker plantation in November 
2000. Error bars in (A) represent 1 SE. Note the differential patterns of diurnal 
variation between photosynthesis and leaf water L'.118O. 
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Table 6. 7. Observed photosynthesis rate-weighted lamina leaf water 180 enrichment compared 
to observed phloem sap sugar 180 enrichment. Phloem sap values are the mean of several 
samples collected throughout the day; values in parentheses are 1 SE. The expected difference 
between 180 enrichment of phloem sap sugars and lamina leaf water is 27.4%0. 
Sampling date Photosynthesis- Phloem sap 6180 . sue minus 
weighted 6 18OL(%o) 6 180suc (%0) 6 18OL(%o) 
November 2000 13.8 42.3 (0.5) 28.5 
March 2001 14.0 42.4 (0.2) 28.4 
December 2001 12.5 39.0 (0.2) 26.5 
Average -.- ~ :: . 27.8 
6.5.5. Leaf L1180p and L1180c 
Leaf dry matter 6 180 values for fully-expanded leaves ranged from 28.3 to 
34.8%0, with a 1nean value of 32.2%0 (n=67). Leaf 6 18OP for expanding leaves at the 
Peaceful Bay plantation was similar to that for fully-expanded leaves (P=0.77, n=5); 
mean values were 29.6 and 29.9%0, respectively. The 6 18OP for stem apices at the 
Mount Barker plantation was less than 6 180P for fully-expanded leaves from the same 
trees (P<0.001, n=6); mean values were 32.1 and 33.9%0, respectively. I did not 
observe a pronounced variation in leaf 6 18OP with crown position in the March 2001 
sampling at the Mount Barker plantation (Table 6.2). In the sampling at the Denmark 
plantation in December 2001, there appeared to be a diel variation in 6 18OP of about 
1.5%0 that coincided with observed variation in 6 180L. 
Leaf 6 180 for cellulose of fully-expanded leaves was rather more variable than 
that of the corresponding dry matter; 6 18Oc values ranged from 25.0 to 38.0%0, with a 
mean value of 31.3%0 (n= l 7). The 6 18Oc values for fully-expanded leaves at the 
Peaceful Bay plantation were correlated with those of expanding leaves from the same 
trees (r=0.88, P=0.05, n=5); mean values were 28.4 and 31.0%0, respectively. The 
6 180 c of fully-expanded leaves at the Mount Barker plantation was significantly lower 
than 6 1 Oc of stem apices of the same trees (P=0.01, n=5); mean values were 32.5 and 
36.5%0 respectively. This difference was opposite in sign to the difference in 6 18Op 
between fully-expanded leaves and apices. 
The paraineter Ecp, the difference between leaf 6 18Op and leaf 6 18Oc, was 
variable among different developmental stages of leaves. The mean value for fully-
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expanded leaves .was 1.4 + 0.7%0 (mean+ lSE, n=l 7). The mean value for expanding 
leaves at the Peaceful Bay plantation was -1.4 + 2.0%0 (n=5). The mean value for stem 
apices at the Mount Barker plantation was -4.6 + 0.5%0 (n=6). 
Leaf ~ 18Op was significantly correlated with ~ 18Osuc 1n samples for which 
phloem sap was collected at the same time as leaves (Figure 6.6). The slope of the 
relationship was 0.59 + 0.07, indicating a mean value for PexPx of 0.41 + 0.07, if 
interpreting the relationship according to equation ( 6.12). The slope of the relationship 
between 818OP and 818Osuc for the same samples was 0.58 + 0.07, indicating that the 
analysis of ~ 18Op on ~ 18Osuc was not influenced by variation in xylem water 8180 . 
Calculation of PexPx for the stem apices sampled at the Mount Barker plantation · 
yielded a value of 0.38 + 0.03 (mean+ 1 SE, n=6). The mean value calculated for Px for 
trees from which apices were sampled was 0.95 + 0.03, such that the mean value for Pex 
for stem apices was 0.40 + 0.04. 
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Figure 6.6. Leaf dry matter 180 enrichment plotted against that for phloem sap sugars 
collected from the main stem at the same canopy height as leaves. Samples were 
collected from the Mount Barker and Denmark plantations. 
127 
Chapter 6 
36 
34 
-
0 
:::R 0 
---0 32 
CX) 
"<'""" 
<l 
I.-
Q) 30 +-' 
+-' 
cu 
E 
>- 28 I.-
-0 
-0 
0 
0 26 s 
24 
Eucalyptus globu/us 
y=1.0x-5.3; R2=0.70, n=45 
•• 
• 
• •• 
.. , 
•• • 
• 
• • • 
• 
30 31 32 33 34 35 36 37 38 39 40 
Wood cellulose L\ 180 (%0) 
Figure 6. 7. Total d1y matter 180 enrichment of mature xylem wood plotted against 180 
enrichment of a-cellulose extracts. Samples were collected across seven plantations in 
December 2001 . 
6.5.6. Wood and bark iJ180P and iJ180c 
The L\ 18Op values for mature xylem wood ranged from 24.6 to 33.8%0, and had a 
mean value of 30.3%0 (n=71). There was variation among plantations in xyle1n wood 
L\ 18 OP (Table 6.6), as well as among different positions within trees (Table 6.2). Mature 
xylem L\ 18OP was correlated with L\ 18Oc for cellulose extracted from the same tissue 
(Figure 6.7). The mean £cp value for mature xylem tissues was -5 .3 + 0.1 %0 (mean+ 
1 SE, n=45). 
The L\ 18Op of bark was significantly correlated with the L\ 18OP of underlying 
wood (Figure 6.8). However, bark L\ 18OP was lower than wood L\ 18OP (P<0.001 , n=45); 
1nean values were 28.0 and 29.5%0, respectively. Bark L\ 18Oc was also less than wood 
L\ 18Oc (P<0.001, n=lO); mean values were 29.2 and 33.4%0, respectively. The £cp for 
bark was -3.7 + 0.7%0 (n=l 0). 
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Figure 6.8. Bark dry matter 180 enrichment plotted against 180 enrichment of underlying 
wood. Samples were collected from main stems and branches in the Mount Barker and 
Peaceful Bay plantations. The solid line is the one-to-one line; the broken line is a regression 
line. 
Recently differentiated xylem tissues had ~ 18Op and ~ 18Oc values that were 
generally lower than corresponding values for mature .xylem tissues (Table 6.6) . The 
Ecp for recently differentiated xylem tissue was -6.3 + 0.6%0 (mean + 1 SE, n=6). The 
~
18OP of recently differentiated xylem tissue was significantly correlated with ~ 18O suc of 
phloem sap dry matter (r=0.49, P=0.003, n=36). The mean value of Pex calculated for 
recently differentiated xylem tissue, using equation (6.10) but replacing the term 
(fA~18OL / fA) with (~18O sucEwc) , was 0.39 + 0.07 (mean+ lSE, n=6). Meanpx for the 
same trees was 0.95 + 0.02. 
6. 5. 7. Phloem sap, leaf, and wood L113 C 
The ~ 13C of phloem sap sugars ranged from 14.6 to 21.6%0, with a mean value 
of 18.7%0 (n=94). There was variation in phloem sap ~ 13C among plantations sampled 
in December 2001 (Table 6.6), and seasonally between the November and March 
sampling dates at the Mount Barker plantation (Figure 6.9). 
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Figure 6.9. Phloem sugar carbon isotope discrimination plotted against leaf dry matter carbon 
isotope discrimination from the same canopy height. The solid line is the one-to-one line. 
Leaf ~ 13CP ranged from 15.4 to 23.6%0, with a mean value of 20.7%0 (n=72) . 
There was significant variation in leaf ~ 13CP among different canopy positions in the 
March 2001 sampling at the Mount Barker plantation (Table 6.2); leaf~ 13Cp decreased 
with increasing canopy height. Leaf ~ 13Cp also varied seasonally between the 
November and March collections at the Mount Barker plantation (Figure 6.9) . Leaf 
~
13Cp was correlated with, but consistently higher than, phloem sap ~ 13C for samples 
collected at the same time and from the same height in the canopy (Figure 6.9). The 
difference between leaf~ 13Cp and phloem sap ~ 13C ranged from - 0.3 to 4.6%0, with a 
mean value of 2.3 %0 (n=57). 
Stem apices collected at the Mount Barker plantation in November 2000 had a 
I " 13 mean~ -' CP value of 19.2 + 0.3%0 (mean+ lSE, n=l0), whereas the~ C of phloem sap 
sugars collected concurrently had a mean value of 17.2 + 0.4%0 (n=6). Thus, stem 
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apices had significantly higher ii 13C than phloem sap sugars at the time of collection 
(P=0.01, n=6). 
The ii 13Cp of recently differentiated xylem tissue was not significantly different 
from the ii 13C of phloem sap sugars collected concurrently (P=0.44, n=36). Variation 
between the two was closely correlated (Figure 6.1 OB). In contrast, mature xylem 
tissue ii 13Cp was found to be higher than that of ii 13C of phloem sap sugars by 0.8%0 
(P<0.001, n=36; Figure 6.1 OA), and similarly higher than recently differentiated xylem 
tissue ii13CP by 1.0%0 (P<0.001, n=36; Figure 6.l0C). 
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Figure 6.10. Carbon isotope discrimination of mature xylem dry matter (A) and newly 
differentiated xylem dry matter (B) plotted against carbon isotope discrimination of phloem sap 
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plotted against that of mature xylem dry matter (C). Solid lines show one-to-one lines,· broken 
lines are regression lines. Samples were collected from six trees at each of six E. globulus 
plantations in December 2001. 
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Mature xylem il13Cp and Li 13Cc were closely correlated (Figure 6.11 ). The mean 
difference between Li 13Cp and Li 13Cc for mature xylem wood was 0.5 + 0.04%0 (mean + 
1 SE, n=45). In contrast the Li 13Cc for cellulose extracted from recently differentiated 
xylem tissues did not differ from il13Cp of the same tissue (P=0.72, n=6). Variation 
among plantations in mature and recently differentiated xylem Li 13CP and ii13Cc is 
detailed in Table 6.6. 
Mature xylem Li 13Cp was consistently less than leaf Li 13Cp for samples collected 
from the same canopy position (P=0.001, n=24); the mean difference between the two 
was 1.0%0. For samples collected at the Mount Barker plantation in March 2001, the 
difference between leaf Li 13Cp and stem wood Li 13Cp appeared to decrease with 
increasing height in the canopy (Table 6.2). 
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Figure 6.11. The relationship between carbon isotope discrimination in wood dry 
matter and wood cellulose. Samples were collected in December 2001 from seven E. 
globulus plantations. The solid line is the one-to-one line,· the broken line is a 
regression line. 
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6.5.8. Correlations between LJ18O and LJ13C 
Variation in Li 180 of phloem sap sugars was significantly related to variation in 
their Li13C according to the equation L'.i 18Osuc=-0.62L'.i13Csuc+51 (R2=0.40, P<0.001, 
n=94). Leaf Li 18Op was related to leaf Li13Cp by the equation Li 18Op=-0.61Li13Cp+45 
(R2=0.35, P<0.001, n=72). Finally, variation in mature xylem wood Li 18OP was 
significantly related to variation in mature xylem wood Li 13Cp by the equation Li 18Op=-
0.38L'.i13Cp+38 (R2=0.19; P<0.001, n=64). 
If the oxygen and carbon isotope ratios were expressed using little delta 
notation, the two were still correlated, indicating that correlations between Li 180 and 
Li 13C were not caused by variation in xylem water 8180. The regression equation 
describing the relationship between 8180 and 813C of phloem sap sugars was 
818Osuc=0.67813Csuc+53 (R2=0.36, P<0.001, n=94). For leaf dry matter, the relationship 
between 8180 and 813C was 818Op=0.62813Cp+46 (R2=0.51, P<0.001, n=72). Finally, 
for wood dry matter 8180 versus 813C, the relationship was 818Op=0.41813Cp+37 
(R2=0.45; P<0.001, n=64). Note that the slopes of the regression equations are positive 
when little delta values are used, because 813C and Li 13C are opposite in sign. 
6.6. Discussion 
Data presented in this chapter provide a means for critically examining several 
aspects of the Li 180 theory presented after the introduction. The non-steady state leaf 
water model performed well in comparison with obse~ed variation in Li 180L over a full 
diel cycle (Figure 6.4). I confirmed that the leaf water Li 180L signal is recorded by 
sugars exported from leaves in phloem sap. Importantly, it was the photosynthesis-
weighted average leaf water signal that was exported (Table 6. 7). I confirmed that 
enriched leaf water can be exported from E. globulus leaves in the phloem, but found 
that Li 18Opw was generally rather small in this species, yielding Px estimates close to 
unity. Mean values for the proportion of exchangeable oxygen during cellulose 
synthesis for both leaf and xylem tissues were observed to be close to 0.40, as has been 
observed in other species. In addition to these interpretations relating to Li 180, 
variations in Li 13C between phloem sap sugars and leaf and xylem tissues can be 
interpreted in terms of post-photosynthetic processes influencing the carbon isotope 
composition of plant dry matter. These concepts, in addition to some others, will be 
examined in more detail below. 
133 
Chapter 6 
6.6.1. Xylem water 8 80 
I observed a linear decrease in xylem water 8180 with decreasing south latitude 
from approximately -35.0°S to approximately -34.3°S. A corresponding linear decrease 
in annual precipitation amount occurred over this latitudinal gradient. This spatial 
variation in xylem water 8180 might then be explained by variation in the isotopic 
composition of rainfall, caused by the 'continental effect' (Rozanski et al. 1993). The 
'continental effect' describes a process by which rainfall becomes progressively 
depleted in heavy isotopes as storms track inland from the coast. This is because heavy 
isotopes preferentially move from the gaseous to liquid phase, as indicated by positive 
values for the equilibrium fractionation factor, £ +_ The variation that I observed in 
xylem water 8180 of approxi1nately 3%o over a transect extending approximately 80 km 
inland is similar to variation in xyle1n water 8180 recently observed over a similar 
transect in the northwestern United States (Bowling et al. 2003a). 
In addition to the possible influence of the continental effect on xylem water 
8180, some of the spatial variation that I observed could have been caused by 
differential use of groundwater relative to soil water in the inland plantations compared 
to those near the coast. Dawson and Pate (1996) found that ground water in the Mount 
Barker region of southwestern Australia was depleted in deuterium compared to soil 
water. Assuming the pattern is the same for 8180, use of groundwater in the low rainfall 
end of the transect could have caused lower xylem water 8180. 
I found only weak evidence for any appreciable variation in xylem water 8180 
within different parts of the tree crown. There was a tendency for xylem water in the 
upper stem to be slightly enriched in 180 compared to that in the lower stem, and 
similarly for xylem water in branch tips to be slightly enriched compared to that in the 
middle and base of branches. Xylem water in branch tips has been previously observed 
to be enriched in deuterium compared to xylem water in more proximal branch sections 
(Dawson and Ehleri~ger 1993). The enrichment was ascribed to evaporative water loss 
from non-suberized woody tissues. A similar enrichment may also occur in 180 in E. 
globulus branch tips. 
6. 6. 2. Leaf water L118 O 
The leaf water 180 enrichment that I observed during the day was consistently 
less than steady-state predictions of evaporative site water enrichment. This is a 
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common feature among many leaf water investigations (Flanagan 1993; Wang et al. 
1998). The Peclet effect, summarized in equation (6.4), offers a potential explanation 
for this discrepancy. Application of equation (6.4) requires an estimate of L, the scaled 
effective path length. I estimated this term by assuming that observed leaf water 
enrichment was at steady-state in the afternoon. The L was then fitted to minimize the 
difference between predicted ~ 180L and observed ~ 180L, The L value that I estimated 
for E. globulus was 54 mm. This value is large compared to previous estimat~s for 
some species (Flanagan et al. 1993; Flanagan et al. 1994; Barbour et al. 2000b; Chapter 
4), but well within the range of values .estimated for 90 different species, which was 4 to 
166 mm (Wang et al. 1998). The value of L that I estimated for E. globulus was partly 
influenced by my use of new coefficients in the calculation of Ek for prediction of ~ 180e, 
If the previously accepted value of 1.028 for the kinetic isotope effect during diffusion 
of H2180 in air (Merli vat 1978) is used instead of the recently reported value of 1.032 
(Cappa et al. 2003), then my estimated L value for E. globulus would be 25 mm, which 
agrees well with some other observations (Flanagan et al. 1993). 
Nighttime steady-state predictions of ~ 180e and ~ 180L were consistently less 
than observed leaf water enrichment. Similar results have been observed previously in 
other species (Flanagan and Ehleringer 1991; Chapter 2). Application of a non-steady 
state modification of the leaf water enrichment model resulted in improved prediction of 
nighttime leaf water enrichment, both in this and a previous study (Chapter 2). 
6.6.3. Phloem sap LJ180pw 
I observed small but consistent enrichments in phloem water compared to xylem 
water for phloem sap samples collected in November 2000 and December 2001, but no 
... 
phloem water enrichment for samples collected in March 2001. March is normally a 
time of peak water stress in the Mediterranean-type environment of southwestern 
Australia. This was likely to have been the case in 2001, as indicated by the low ~ 13C 
that I observed in phloem sap sugars at this time (Figure 6.9). During times of high 
water stress, phloem sap flow velocities are likely to be low due to low photosynthetic 
rates (i.e. low rates of sugar production) and high phloem sap sugar concentrations 
(Chapter 3). Under such conditions, the residence time of phloem sap in sieve tubes 
may be long, allowing for extensive mixing between phloem water and xylem water 
across sieve tube membranes, and consequent dilution of 180 enrichment in phloem 
water. The same mechanis1n may explain the generally low ~ 180pw that I observed in E. 
135 
Chapter 6 
globulus compared with observations in herbaceous plants (Chapter 2; Chapter 4). 
Translocation over longer distances in trees than in herbaceous plants probably results 
in longer phloem sap residence times, and therefore lower ~ 18Opw• 
6.6.4. Phloem sap LJ180suc 
Phloem sap ~ 18Osuc reflected leaf water enrichment to a very good 
approximation in E. globulus when observed leaf water enrichments were weighted by 
observed photosynthetic rates. The precise relationship between ~ 18Osuc and ~ 18OL is 
expected to be ~ 18Osuc=l.027~18OL+27%o (Chapter 4). Applying this relationship to 
~
18OL data presented in Table 6.7, a mean difference between ~ 18Osuc and ~ 18OL of 
27.4%0 is predicted. This agrees very well with the observed mean difference of 27.8%0 
(Table 6.7). A similar result was found for Ricinus communis, where~ 18Osuc of phloem 
sap sugars reflected almost perfectly the average lamina leaf water enrichment under 
carefully controlled conditions (Chapter 4). For E. globulus in the field, I observed that 
photosynthesis was highest in the morning and decreased through the day, whereas 
~
18OL was relatively low in the morning and increased to a maximum in the afternoon. 
The same contrasting diurnal patterns in photosynthesis and leaf water enrichment have 
been observed in other species under field conditions (Harwood et al. 1998; Chapter 2). 
These results suggest that appropriate weighting by diurnal variation in photosynthetic 
rates may be important for interpreting organic matter 180 enrichment in terms of leaf 
water enrichment, and factors affecting leaf water enrichment such as humidity. 
Additionally, results presented in Table 6. 7 provide validation of my use of (~ 18Osuc-
Ewc) in place of (fAt0.18OL I fA) in calculations of Pex• 
In my analysis, I have neglected any possible effect of daytime starch storage 
followed by nighttime degradation and export on the oxygen isotope composition of 
translocated photosynthate. Further research is necessary to fully understand this 
process, and to assess its possible effect on the oxygen isotope composition of phloem 
sap sugars. 
6.6.5. Leaf LJ 180 P and LJ180 c 
I observed a reasonably strong relationship between leaf dry matter t6. 18Op and 
phloem sap sugar t6. 18Osuc among samples collected at the Mount Barker plantation and 
the Denmark plantation (Figure 6.6). I used this relationship to estimate PexPx for E. 
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globulus leaves. As noted in the methods section, this analysis assumed that the~ 18Osuc 
that I observed was the same as that at the time when the leaf dry matter was formed, 
and that xylem water 8180 was also the same. I suggest that those assumptions need not 
be strictly met to provide an accurate estimate of PexPx if~ 180suc and xylem water 8180 
covary through time to the same extent among the different trees sampled. If this were 
the case, the relationship between leaf ~ 18Op and phloem sap ~ 18Osuc would have the 
same slope regardless of when the two were sampled, whereas the intercept would be 
expected to vary. The mean value of PexPx that I estimated from the relationship 
between leaf ~ 18Op and phloem sap ~ 18Osuc was 0.41. The mean value for Px that I 
estimated over all the phloem sap samples was 0.98. Assuming this value for Px, a 
mean Pex value of 0.42 is calculated based on the relationship between leaf ~ 18Op and 
phloem sap ~ 18Osuc• This value is very close to the mean Pex value of 0.40 that I 
calculated for the stem apices sampled at the Mount Barker plantation; the two values 
were calculated from independent data by different methods. Both values also compare 
favorably with the inean Pex that I calculated for recently differentiated xylem tissue of 
0.39. 
Table 8 compares the observations that I made of Pex in E. globulus with values 
presented elsewhere in the literature. There is a surprising consistency among mean Pex 
estimates over a wide range of species _and growth conditions when the substrate for 
tissue synthesis is carbohydrate; the mean Pex value among all such entries in Table 6.8 
is 0.42. 
In reviewing the literature, I found that there ·was one Pex value that deviated 
substantially from this overall mean value; this was an estimate of 1.0 for sprouting 
potato shoots (DeNiro and Cooper 1989). A slope of 1.0 was calculated for the 
relationship between shoot cellulose and tuber water, apparently indicating complete 
exchange between organic oxygen and medium water during shoot cellulose synthesis. 
Tuber water 8180 values ranged from -11 to -3%0. I suggest that this variation in tuber 
water 8180 was too small to provide an accurate estimate of Pex from the regression 
slope. An alternative is to estimate the 8180 value of organic oxygen in equilibrium 
with tuber water by adding 27%0 to the tuber water 8180 value. In doing this, one 
quickly recognizes that the shoot cellulose 8180 values in Table 2 of DeNiro and 
Cooper (1989) generally lie about half-way between those of tuber starch and those 
137 
~ 
. 
, .. 
Chapter 6 
Table 6. 8. Mean PexPx and Pex values for analyses in the present study and in the literature. The dotted line separates those samples in which the substrate for 
cellulose synthesis ·was lipids or glycerol from t!tose for which it was some form of carbohydrate. Values from the present study are given as mean + 1 SE. 
Spec ies Growth 
envirornnent 
Substrate MeanpexPx Meanpex Reference 
Arachis hypogaea dark lipid 0.72 Luo and Steniberg 1992 
Ricinus communis dark lip.id 0.69 Luo and Sternberg 1'992 
Ricinus communis dark lipid 0.76 Sternberg et al. 1986 
... Daucus .. carota .......................................................................... dark ........... ........... ... ........... glycerol ............................................................................... 0. 77 ................... Sternberg.et. al ... 1.9.86 ............................... . 
Daucus carota dark sucrose 0.47 Sternberg et al. 1986 
Hordeum vulgare dark starch 0.38 Luo and Sten1berg 1992 
Lemna gibba dark sucrose 0.3 8 Yakir and Deniro 1990 
Solanum tuberoswn dark or light starch 0.50 + 0.04a DeNiro and Cooper 1989 
Triticum aestivwn dark starch 0.31 Luo and Sternberg 1992 
Triticum aestivum dark starch 0.43 Sternberg et al. 2003 
Quercus robur 4 hoti'r incubatioh of gtucose 0.53 Hill et al. 1995 
10 grass species 
Loliwn multiflorwn 
Gossypium h'irsutum 
A/nus sp., Betula occidentalis, 
Populus sp. 
Eucalyptus globulus (stein wood) 
Eucalyptus globulus (stein ap.ex) 
Eucalyptus globulus (leaves) 
stein tissue 
normal day/night 
nonnal day/night 
norn1al day/night 
· nonnal day/night 
normal day/night 
norn1al day/night 
nonnal day/night 
sucrose 
sucrose 
sucrose 
sucrose 
sucros·e/raffinose 
sucrose/ raffinose 
sucrose/raffinose 
0.25 
0.22 
0.38 
0.42 
0.38 + 0.07 
0.38 + 0.03 
0.41 + 0.07 
0 Values are based on a re-analysis of data presented in DeNiro and Cooper (1989). See text for details. 
&Calculated assuming a Px value of 0. 62, based on data presented in Helliker and Ehleringer (2002b). 
~0.40b 
0.35 
~0.44c 
~0.44d 
0.39 + 0.07 
0.40 + 0.04 
0.42 + 0.07 
cCalculated with a Px value of 0. 87, assuming L'.118 Opw was 4. 0%o (Cernusak et al. 2003) and average L'.118 OL was 20%0. 
dCalculated assuming Px was 0.95, based on L'.1 180 pw measurements presented in the present paper. 
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expected for organic oxygen in equilibrium with tuber water. The Pex for each potato 
shoot can then be calculated according to the equation, Pex=(818O1s-818Osc)/(818O1s-
. 818O1w+27), where 818O1s refers to tuber starch, 818Osc to shoot cellulose, and 818O1w+27 to 
tuber water plus 27%0. One potato sample in Table 2 of DeNiro and Cooper (1989), 
potato number 21, cannotbe analyzed in this way because the difference between 818O1s 
and 818O1w+27 is only 0.1 %0. Among the other 20 samples, this difference ranges from 
4.6 to 8.8%0. The mean Pex for these 20 samples is 0.50 ± 0.04 (mean± 1 SE). I suggest 
that the anomalous Pex estimate of 1.0 (DeNiro and Cooper 1989) can thus be 
satisfactorily reconciled with the other values in Table 6.8 by considering this 
alternative approach to calculatingpex• 
In my calculations of Pex in this paper, I have assumed that the fractionation 
between organic oxygen and water is 27%0, regardless of the intra-molecular position of 
oxygen atoms when they exchange. Sternberg et al. (2003) recently estimated a 
fractionation factor of 48.8 + 20%0 for the oxygen atom bound to the second carbon of 
glucose moieties during heterotrophic cellulose synthesis. The authors suggested that 
this may indicate variation in fractionation factors between organic oxygen and water, 
depending on where the oxygen atom is located within the organic molecule. However, 
as noted by Sternberg et al. (2003), the error around the estimate of 48.8%0 is very large 
(1 SE=20%o), and the analytical precision will have to be improved before this 
conclusion can be firmly asserted. However, if this is shown to be the case, theory 
relating to Pex, as it currently stands, will have to be reconsidered. 
I observed apparent differences in the term Ecp, the difference between leaf 
~
18OP and ~ 18Oc, among different developmental stages of leaves. Among the youngest 
leaves, those emerging from the stem apices, the mean value was -4.6%0. In expanding 
leaves, the 1nean Ecp increased to -1.4%0. Finally, the mean value for fully-expanded 
leaves was 1.4%0. This can be contrasted with the average value of -6.8%0 observed for 
a range of species (Chapter 5). The trend with leaf age inay reflect an increase in 
storage of non-structural carbohydrates in leaves as they develop; such compounds 
would be expected to have higher ~ 180 than leaf cellulose because none of their oxygen 
atoms would have had an opportunity to exchange with unenriched source water. 
In addition to the apparent variation in Ecp with leaf developmental stage, I also 
observed a rather large variation in Ecp among fully-expanded leaves. This large 
variability may partly reflect differences in leaf age. Because xylem water 8180 was 
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probably lower in the winter than in the summer, due to precipitation being relatively 
depleted in 180 (Rozanski et al. 1993), and leaf water ~ 180 was probably also lower, 
due to humidity being relatively high, leaves expanding during winter could have lower 
cellulose 8180 values than those expanding during summer. The cellulose 8180 signal is 
not expected to change after cellulose synthesis. In contrast, some components of the 
leaf dry matter, such as soluble carbohydrates, tum over regularly, and are therefore 
expected to reflect the current leaf water 8180 value. The diurnal variation in leaf ~ 180P 
in correspondence with variation in leaf water ~ 180, in this and a previous study 
(Chapter 2), provides evidence in support of this concept. Thus, I suggest that there is 
some fraction of leaf dry matter that progressively tracks and incorporates the current 
leaf water isotopic signal. By this reasoning, a leaf that expanded when xyle1n water 
8180 or ~ 180 L was lower than at the time of sampling would be expected to have a 
smaller absolute difference between leaf~ 180P and~ 180c than one that expanded under 
conditions similar to those at the time of sampling. 
6.6.6. Wood and bark LJ180p and LJ180c 
I observed that bark ~ 180p was consistently less than wood ~ 180P in E. globulus 
(Figure 6.8). Similar results were observed for cellulose, with bark ~ 180c being 
consistently less than wood ~ 180c by an average value of 4.2%0. I suggest that this 
pattern reflects the influence of refixation, a process by which some of the CO2 respired 
by woody tissues is re-assimilated by photosynthetic cells in the bark (Cemusak and 
Marshall 2000; Pfanz et al. 2002; Damesin 2003). The bark cortex of E. globulus is 
noticeably green when one peels away the outer-most layer of the bark. In contrast to 
leaf water, I observed no enrichment in E. globulus bark water in comparison to xylem 
water. Photosynthate produced by chlorphyllous cells in the bark would therefore be 
expected to have a ~ 180 value of 27%0, whereas that produced in leaves had values 
ranging fro1n 35 to 45%0. It was observed previously that refixation by bark could have 
a significant effect on the carbon isotope signature of underlying wood (Cemusak et al. 
2001 ). I suggest that the oxygen isotope signature of wood might be similarly 
influenced by refixation, with the extent of influence depending on the proportion of 
refixed photosynthate being incorporated into the wood. Differential refixation rates in 
different parts of the crown might reduce wood ~ 180 by varying degrees, and this might 
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explain the apparently coordinated variation in mature xylem wood and bark ii 18OP 
within the crown of E.· globulus (Table 6.2). 
I observed a small variation in Ecp between recently differentiated xylem tissues 
and mature xylem tissues; values were -6.3 and -5.3%0, respectively. This variation 
was much smaller than that observed between recently differentiated leaf tissue and 
mature leaf tissue. The Ecp for mature xylem wood of E. globulus can be compared to 
mean values of -3.6%0 and -3.9%0 for many Quercus and Pinus sp., respectively 
(Barbour et al. 2001). 
6. 6. 7. Phloem sap, leaf, and wood L'.113 C 
The carbon isotope results that I present 1n this chapter serve generally to 
confirm and reinforce those presented previously for E. globulus in southwestern 
Australia (Pate and Arthur 1998). The observation that ii 13C of newly synthesized 
wood 1natches very closely that of phloem sap sugars agrees with previous results (Pate 
and Arthur 1998). I observed that ii 13C of cellulose extracted from recently 
differentiated xylem tissues also matched that of simultaneously collected phloem sap 
sugars. This suggests that the consistent difference in ii13C between cellulose and wood 
dry matter for mature xylem tissues (Figure 6.11) might result from lignification during 
xylem maturation (Loader et al. 2003), because lignin is known to be depleted in 13C 
compared to cellulose (Wilson and Grinsted 1977). My observation that phloem sap 
sugar ii 13C is consistently less than that of dry matter of mature leaves is also consistent 
with the previous report (Pate and Arthur 1998), as is the observation that leaf dry 
matter ii 13C is consistently greater than wood dry matter ii 13C. 
Wood dry matter ii13C has been observed to be less than leaf dry matter ii13C in 
many tree species (Craig 1953; Leavitt and Long 1982; Francey et al. 1985; Guehl et al. 
1998; Miller et al. 2001). This observation fits a more general pattern of 13C 
enrichment in heterotrophic plant tissues relative to the leaves supplying them with 
photosynthate (Brugnoli and Farquhar 2000; Hobbie et al. 2002; Hobbie and Werner 
2004; Chapter 5). It was recently suggested that emerging leaves in two neotropical 
tree species have lower ii 13C than mature leaves due to a greater proportional carbon 
fixation by PEP-carboxylase in emerging leaves than in mature source leaves 
(Terwilliger et al. 2001). This hypothesis suggests that the process that causes 
heterotrophic tissues to be 13C enriched compared to source leaves takes place within 
the sink tissue. Present and previous observations in E. globulus (Pate and Arthur 1998) 
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and Lupinus angustifolius (Chapter 2) do not appear to support this hypothesis. I find 
that sink tissues in these species generally reflect, to a very close approximation, the 
Li 13C of carbon delivered to them in phloem sap. 
An exception to this general pattern in the present study was that the Li13C for 
stem apices at the Mount Barker plantation was greater than incoming phloem sap Li 13C. 
However, this trend is in the opposite direction to the hypothesis proposed by 
Terwilliger et al. (2001). It suggests, if anything, a depletion in 13C of carbon in new 
leaves compared to incoming phloem sap carbon. This could reflect a carbon 
contribution to the new leaf tissue from photosynthesis in the new leaves taking place at 
relatively high c/ca, thereby producing sugars with higher Li 13C than incoming phloem 
sap sugars. This would be consistent with the observations of Terwilliger et al. (2001) 
concerning c/ca in emerging leaves. I suggest that the consistent differences in Li 13C 
between source leaves and heterotrophic tissues reflect a fractionation in the 
partitioning of carbon in the source leaf between that which remains in the leaf and that 
which is exported in the phloem. I acknowledge, however, that multiple processes may 
be operating simultaneously, such that a single unifying mechanism causing the 
widespread 13C enrichment of heterotrophic tissues compared to source leaves may not 
exist. More experiments along the lines of that conducted by Terwilliger et al. (2001), 
and including analyses of phloem sap Li 13C, would be helpful for resolving this issue. 
6. 6. 8. Correlations between L118 0 and L113 C 
I observed that Li 18O was negatively correlated with Li 13C in phloem sap sugars, 
leaf dry matter, and wood dry matter of E. globulus growing in southwestern Australia. 
Farquhar et al. (1994) and Yakir and Israeli (1995) suggested that the combination of 
Li 13C and 6. 180 analyses allows interpretation of Li 13C in terms of effects on c/ca caused 
either by variation in photosynthetic capacity or by variation in stomatal conductance. 
If variation in Li 13C is caused by variation in photosynthetic capacity, no relationship is 
expected between Li 13C and Li 180. In contrast, if Li 13C varies as a function of variation 
in stomata! conductance, Li 13C and Li 18O should be negatively correlated. The negative 
correlations that I observed between Li 13C and Li 18O of phloem sap sugars, leaf tissue, 
and wood in E. globulus suggest that variation in Li 13C among trees and plantations was 
at least partly caused by variation in stomata! conductance. This is consistent with 
measurements of stomatal conductance and Li 13C in the Mount Barker and Denmark 
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plantations (Chapter 3), and is not surprising given the large variation in annual rainfall 
among the plantations that I sampled. 
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Chapter 7: Measurement and interpretation of the oxygen 
isotope composition of carbon dioxide respired by leaves in 
the dark 
7.1. Abstract 
I measured the oxygen isotope composition (8180) of CO2 respired by Ricinus 
communis leaves in the dark. Experiments were conducted at low CO2 partial pressure, 
and at normal atmospheric CO2 partial pressure. Across both experiments, the 8180 of 
dark-respired CO2 (8R) ranged from 44 to 324%0 (VSMOW scale). This seemingly 
implausible range of values reflects the large flux of CO2 that diffuses into leaves, 
equilibrates with leaf water via the catalytic activity of carbonic anhydrase, then 
diffuses out of the leaf, leaving the net CO2 efflux rate unaltered. The impact of this 
process on 8R is modulated by the 8180 difference between CO2 inside the leaf and in 
the air, and by variation in the CO2 partial pressure inside the leaf relative to that in the 
air. I developed theoretical equations to calculate 8180 of CO2 in leaf chloroplasts (8e), 
the assumed location of carbonic anhydrase activity, during dark respiration. Their 
application led to sensible estimates of 8e, suggesting that the theory adequately 
accounted for the labeling of CO2 by leaf water in excess of that expected from the net 
CO2 efflux. The be values were strongly correlated with 8180 of water at the 
evaporative sites within leaves. I estimated that approximately 80% of CO2 in 
chloroplasts had completely exchanged oxygen atoms with chloroplast water during 
dark respiration, whereas approxi1nately 1 OQ¾ had exchanged during photosynthesis. 
Incorporation of the 8 180 of leaf dark respiration into ecosystem and global scale 
models of C18OO dynamics could affect model outputs and their interpretation. 
7.2. Introduction 
Variations in the oxygen isotope composition of CO2 in the atmosphere have the 
potential to reveal vital information about the global carbon cycle (Francey and Tans, 
1987; Farquhar et al., 1993; Ciais et al., 1997). Furthermore, measurements of 8180 of 
CO2 in canopy air may allow differentiation of CO2 fluxes into photosynthetic and 
respiratory components (Yakir and Wang, 1996). It was also recently suggested that 
nighttime measurements of 8180 in canopy air could be used to partition nocturnal 
144 
. . . 
Chapter 7 
ecosystem respiration between leaves and soil (Bowling et al., 2003a, 2003b ). Leaf 
dark respiration is an important component of carbon cycling between vegetation and 
the atmosphere. An understanding of the factors controlling the 8180 of CO2 respired 
by leaves in the dark could therefore be important for interpreting the 8180 of 
atmospheric CO2 at local, regional, and global scales. 
The net rate of CO2 efflux from a leaf in the dark can be thought of as the 
difference between two one-way diffusional fluxes; one from the atmosphere to the leaf, 
and the other from the leaf to the atmosphere. For example, if the net respiratory CO2 
efflux (9tn) is defined as 9tn gc( Ci-Ca), where gc is the leaf conductance to CO2, and Ci 
and Ca are CO2 mole fractions in the intercellular air spaces artd atmosphere 
respectively, the one-way flux from leaf to atmosphere becomes gcci and that from 
atmosphere to leaf becomes gcca, The difference between 9tn and gcci will depend on 
the magnitude of the CO2 concentration difference between Ci and ca; this difference 
will in tum depend on the leaf conductance to CO2 and the CO2 production rate inside 
the leaf. If the CO2 concentration difference between Ci and Ca is very large, then the 
magnitude of the net CO2 efflux will approach that of the one-way CO2 efflux from leaf 
to atmosphere. However, if the CO2 concentration inside the leaf is only a little larger 
than that in the atmosphere, the net CO2 efflux from the leaf will be much smaller than 
the one-way CO2 efflux from the leaf. 
It has previously been recognized that one of the primary controls over the 8180 
of CO2 diffusing out of leaves in the dark should be the oxygen isotope composition of 
leaf water (Flanagan et al., 1997; Flanagan et al., 1999). This is because gaseous CO2 
exchanges oxygen atoms with water during inter-conversion between CO2 and 
bicarbonate. In plant tissues, this inter-conversion is catalyzed by the enzyme carbonic 
anhydrase. The rate constant for carbonic anhydrase is very fast, such that CO2 
diffusing out of leaves is expected to reflect nearly complete oxygen isotope exchange 
with leaf water. There is an equilibrium fractionation that takes place during the 
exchange reaction, such that at 25°C, the 8180 of CO2 will be emiched by ,_,41 %0 
compared to the 8180 of water with which it has equilibrated. 
In this chapter, I present measurements of the 8180 of CO2 respired by Ricinus 
comn1unis L. leaves in the dark. I theorized that it should be the one-way flux of CO2 
out of a respiring leaf that is labeled with the leaf water 8180 signal, rather than the net 
CO2 efflux. This led me to hypothesize that the effect of a respiring leaf on the 8180 of 
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CO2 in air passing over the leaf could be much greater than predicted by considering the 
net CO2 efflux alone. 
7.3. Theory 
Natural abundance oxygen isotope ratios are commonly expressed relative to the 
value of a standard: 
c5 x = Rx -1 ' 
Rs,d 
(7.1) 
where 8x represents the proportional deviation of Rx, the 180/160 of material X, from 
Rstct, the 180/160 of a standard. Using 8 notation, I present the following equation for 
the oxygen isotope composition of CO2 respired by leaves in the dark (8R): 
(7.2) 
where 8 is the proportion of CO2 in the chloroplast that has completely exchanged 
oxygen atoms with chloroplast water, 8e is the oxygen isotope composition of water at 
the evaporating sites within the leaf, Ew is the equilibrium fractionation between water 
and CO2, 8co is the oxygen isotope composition of CO2 in the chloroplast that has not 
exchanged oxygen atoms with chloroplast water, Ca is the ambient carbon dioxide 
partial pressure, Cc is the chloroplastic CO2 partial pressure, 8a is the oxygen isotope 
composition of ambient CO2, and a is the weighted mean isotopic discrimination 
against C1800 during diffusion from the chloroplast to the atmosphere. A summary of 
all symbols used in the text is given in Table 7.1. A derivation of equation (7.2) is 
presented in Appendix 7 .1. As described for photosynthesizing leaves by Gillon and 
Y akir (2000b ), I make the assumption that CO2 inside the leaf comprises a mixture of 
CO2 completely equilibrated with leaf water ( of proportion 8) and CO2 that has 
w1dergone no equilibration with leaf water ( of proportion 1-8). 
discrimination, a, can be calculated as (Farquhar and Lloyd 1993) 
a = (Cc - Ci )aw + ( C; - Cs )a + (Cs - Ca )ab 
Cc -Ca 
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Table 7 .1. Symbols used in Chapter 7. 
A 
a 
aw 
b 
bl8 
C 
Ca 
Cc 
Ci 
cin 
Cs 
Cj 
Ca 
D 
l'iA 
l'ica 
l'ie 
l'iea 
l'ij 
l'iL 
l'iobs 
l'iv 
bA 
8a 
be 
bco 
e 
Net photosynthesis rate 
Weighted mean discrimination against C1800 for diffusion from 
chloroplast to atmosphere 
Discrimination against C1800 during diffusion through stomata 
Discrimination against C1800 during diffusion through leaf boundary layer 
Summed discriminations against C1800 during liquid phase diffusion and 
dissolution 
Discrimination against 13C02 during diffusion through stomata 
Discrimination against 13C02 during diffusion through leaf boundary layer 
Summed discrimination against 13C02 during dissolution and liquid phase 
diffusion 
Equilibrium oxygen isotope effect between CO2 and water 
Discrimination against 13C02 by carboxylating enzymes 
Discrimination against C1800 by Rubisco 
Molar concentration of water 
Partial pressure of CO2 in atmosphere 
Partial pressure of CO2 in chloroplast 
Partial pressure of CO2 in leaf intercellular air spaces 
Partial pressure of CO2 in dry air entering leaf chamber 
Partial pressure of CO2 at the leaf surface 
Mole fraction of CO2 in intercellular air spaces 
Mole fraction of CO2 in atmosphere 
Diffusivity ofH2180 in water 
Discrimination against 13C or 180 during net CO2 uptake by photosynthesis 
Discrimination against C1800 between chloroplast and atmosphere 
180 enrichment at evaporative sites in leaves compared to source water 
Discrimination against C1800 in CO2 in equilibrium with chloroplast water 
compared to atmosphere 
Discrimination against 13C02 that would occur if gi were infinite and 
photorespiration and day respiration did not discriminate 
180 enrichment of average lamina leaf water compared to source water 
Observed discrimination against 13C02 during photosynthesis 
180 enrichment of vapor in atmosphere compared to source water 
8180 of CO2 taken up by net photosynthesis (VSMOW scale) 
8180 of CO2 in atmosphere (VSMOW scale) 
8180 of net CO2 in chloroplast (VSMOW scale) 
8180 of CO2 in chloroplast that has not equilibrated with chloroplast water 
(VSMOW scale) 
8180 of water at evaporative sites in leaves (VSMOW scale) 
8180 of CO2 in air entering leaf chamber (VSMOW scale) 
8180 of net CO2 efflux during dark respiration (VSMOW scale) 
8180 of source water (VSMOW scale) 
Transpiration rate 
Discrimination against 13C during day respiration 
Vapor pressure in atmosphere 
Vapor pressure in leaf intercellular air spaces 
Equilibrium 180 fractionation between liquid water and vapor 
Kinetic fractionation during diffusion of H2 180 from leaf intercellular air 
spaces to atmosphere 
147 
Chapter 7 
RA 
Ra 
Ree 
Rco 
Re 
RR 
Rstd 
Equilibrium 180 fractionation between CO2 and water 
Discrimination against 13C during photorespiration 
Conductance to H20 from leaf intercellular air space to atmosphere 
Conductance to CO2 from leaf intercellular air spaces to sites of 
carboxylation 
Conductance to CO2 from chloroplast to atmosphere 
Carboxylation efficiency 
Scaled effective path length for calculation of f,J 
Atmospheric pressure 
Peclet number 
Propotion of chloroplast CO2 isotopically equilibrated with chloroplast 
water 
13C/12C or 180/160 of net CO2 uptake by photosynthesis 13C/12C or 180/1 60 of CO2 in atmosphere 
180 /160 of CO2 in equilibrium with chloroplast water 180/160 of chloroplast CO2 that has not equilibrated with chloroplast water 
180/160 of water at evaporative sites in leaves 
180 /160 of net CO2 efflux during dark respiration 
180 /160 of VS MOW standard 
S tomatal resistance to water vapor diffusion 
Leaf boundary layer resistance to water vapor diffusion 
Day respiration rate 
Net CO2 efflux rate during dark respiration 
Ratio of rates of carboxylation and CO2 hydration in chlroplast 
CO2 compensation point in absence of day respiration 
Flow rate of air through leaf chamber 
Mole fraction of water vapor in the leaf intercellular air spaces 
Leaf lamina water concentration 
Area of leaf in leaf chamber 
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where Ci is the CO2 partial pressure in the intercellular air spaces, and Cs is that at the 
leaf surface. The term aw describes the summed discrimination against C1800 during 
liquid phase diffusion and dissolution (0.8%0); a is the discrimination during diffusion 
through the stomata (8.8%0); and ab is the discrimination during diffusion through the 
leaf boundary layer (5.8%o). I note that equation (7.3) is precisely the same as the 
equation given for a by Farquhar and Lloyd (1993); I have simply multiplied both their 
numerator and denominator by -1. The equilibrium fractionation between water and 
CO2 can be calcul~~e~ as (Brenninkmeijer et al. 1983) 
&w(%o) = 17604 -17.93 , . (7.4) 
T 
where Tis leaf temperature in K. 
The oxygen isotope composition of CO2 in the chloroplast of a respiring leaf (8c) 
can be calculated from the following equation: 
(7.5) 
derivation of equation (7.5) is presented in Appendix 7.1. Equations (A7.5) and (A7.6) 
can be combined, and, after dividing through by Rstd, give 
5c =6e0(1+&w)+0&w+5c0 (1-0). (7.6) 
For a series of measurements made at different values of 8e, 8c can be calculated from 
equation (7 .5) and plotted against 8e. According to equation (7 .6), the slope of the 
relationship between 8c and 8e, m, is then equal to 8(1 +cw), such that 8 can be calculated 
as 8=m/(1 +cw), The intercept of the relationship, I , is equal to 8cw+8co(l-8), such that 
8co can be calculated as 8co=(J-8cw)l(l-8). I note that such an analysis assumes that only 
8e varies across the series of measurements; thus, 8 and 8co are assumed invariant. 
The oxygen isotope enrichment at the evaporative sites in leaves (~e) can be 
calculated as (Craig and Gordon 1965; Dongmann et al. 1974; Farquhar and Lloyd 
1993) 
(7.7) 
where c + is the equilibrium fractionation that occurs during the phase change from 
liquid to vapor, ck is the kinetic fractionation that occurs during diffusion of vapor from 
the leaf intercellular air space to the atmosphere, ~ v is the isotopic enrichment of vapor 
in the atmosphere, and ea! ei is the ratio of ambient to intercellular vapor pressures. The 
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~e and ~v are defined with respect to source water, such that ~e RJ Rs-1 and ~v Rvf Rs-1, 
where Re is 180/160 of water at the evaporating sites, Rs is 180/160 of source water, and 
Rv is 180/160 of vapor in the atmosphere. The term be can be calculated from ~ e as 
(7.8) 
where 8s is the oxygen isotope composition of source water relative to a standard. The 
parameter ~v in equation (7 .6) can be calculated from measurements of the oxygen 
isotope composition of vapor in the atmosphere (8v) and source water as ~v=(8v-
8s)/(1 +8s). The equilibrium fractionation between liquid and vapor, £ +, can be 
calculated as (Bottinga and Craig 1969) 
( 10
3
] (10
6
] £+(%0) =2.644-3.206 T +1.s34 r 2 , (7.9) 
where T is leaf temperature in K. The kinetic fractionation, Ek, can be calculated as 
(Farquhar et al. 1989b) 
(% ) _ 32rs + 2 lrb &k oo - , (7.10) 
rs +rb 
where rs and rb are the stomatal and boundary layer resistances to water vapor diffusion 
(m2 s mor1), and 32 and 21 are associated fractionation factors scaled to per mil. These 
fractionation factors have been revised up from values of 28 and 19, respectively, based 
on recent measurements showing the isotope effect for diffusion of H2 180 in air to be 
1.032 (Cappa et al. 2003), rather than 1.028 (Merlivat 1978). 
7 .4. Methods 
7.4.1. Plant material and gas exchange measurenients 
Ricinus communis L. plants were grown from seeds in 10 L pots for 8 to 12 
weeks in a temperature and humidity controlled glasshouse. Growth conditions were 
essentially the same as those described in Chapter 4. Daytime temperature and 
humidity were 27 + 2°C and 40 + 10%, respectively. Nighttime temperature was 20°C, 
with the same humidity as during the day. Measurements were made on fully expanded 
leaves of plants that were approximately 1 m tall. Projected areas of measured leaves 
ranged from approximately 400 to 800 cm2 . The configuration of the gas exchange 
syste111 was described previously (Chapter 4). The through-flow rate of air in the leaf 
chamber was approximately 3 L min- 1. Chamber air cycled continuously through a by-
pass drying loop to remove water vapor. The flow rate through the by-pass drying loop 
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was varied between 5 and 45 L min-1 to achieve different vapor pressures within the 
chamber, and therefore different values of ea/ei, and consequently of be. Air entering the 
leaf chamber · was generated by mixing 79% dry nitrogen with 21 % dry oxygen using 
two mass flow controllers. Carbon dioxide was added to this air stream from a cylinder 
of 10% CO2 in air. Leaf temperature was measured with eight thermocouples arrayed 
across the underside of the leaf, and the average of these measurements used in gas-
exchange and isotopic calculations. Gas-exchange calculations were performed 
according to the equations of Caemmerer and Farquhar (1981 ). 
After gas exchange conditions in the leaf chamber stabilized for a time period 
judged long enough for leaf water to reach isotopic steady state, CO2 was cryogenically 
trapped from air exiting the chamber, as described previously (Evans et al., 1986; 
Caemmerer and Evans, 1991 ). Trapping continued until approximately 50 µmol of CO2 
was obtained. The time period sufficient for leaf water to reach isotopic steady state 
was assumed to be three times the residence time of lamina leaf water (Forstel, 1978). 
The residence time of lamina leaf water was calculated as WI gtWi, where Wis the lamina 
water concentration (mol m-2), gt is the total conductance of boundary layer plus 
stomata to water vapor (mol m-2 s-1), and Wi is the mole fraction of water vapor in the 
leaf intercellular air spaces (mol mor1). The term W was determined to be 6.3 + 0.4 
mol m-2 (mean + 1 SD) from measurements of the difference between fresh weight and 
dry weight for one leaf from each of five plants. This mean value of W was assumed 
for all leaves in the experiment; gt and Wi were calculated continuously for each leaf 
being measured. Time periods calculated in this way for leaf water to reach isotopic 
steady state after a step change in humidity ranged from approximately 0.5 to 3.5 hrs . 
Three experiments were conducted, two in the dark and one in the light. In the 
first dark experiment, air entering the leaf chamber was free of CO2. All CO2 in the air 
exiting the chamber was therefore derived from the leaf. Measurements were 
conducted on one leaf from each of five plants. Each leaf was subject to two or three 
different chamber vapor pressures, and CO2 collected after gas exchange had stabilized 
for the requisite amount of time at each vapor pressure. Chamber air temperature was 
maintained at approximately 30°C. The second dark experiment was similar to the first, 
but differed in that CO2 was added to the air entering the chamber, such that the partial 
pressure within the chamber was approximately 3 50 µbar. The third experiment was in 
the light. Irradiance varied between 300 and 800 µmol PAR m-2 s-1, and chamber air 
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temperature varied between 25 and 30°C. The CO2 partial pressure within the chamber 
was approximately 350 µbar. 
7.4.2. Isotope measurements 
The carbon and oxygen isotope composition of CO2 exiting the leaf chamber 
was determined on an Isoprime mass spectrometer (Micromass, Manchester, UK) 
operating in dual inlet mode. Repeated analyses of the same gas sample generally 
showed a precision of better than 0.1 %0 (1 SD, n=l 0) for 813C and 8180. The carbon and 
oxygen isotopic composition of the gas used as a reference for the dual inlet 
measurements was calibrated against standard gases supplied by the International 
Atomic Energy Agency (Vienna, Austria). · Oxygen isotope ratios in this paper are 
presented relative to Vienna Standard Mean Ocean Water (VSMOW); carbon isotope 
ratios are presented relative to the Vienna Pee Dee Belemnite standard (VPDB). The 
oxygen isotope composition of irrigation water fed to the plants was determined with an 
Isochrom mass spectrometer (Micromass, Manchester, UK) operating in continuous 
flow mode (Farquhar et al., 1997). The water samples were pyrolysed in a custom-built 
furnace at 1300°C prior to entering the mass spectrometer. Precision of analyses, based 
on repeated measurements of a laboratory standard water sample, was 0.3%0 (lSD, 
n=l0). The 8180 of the irrigation water was found to be -7.2 + 0.2%0 (mean+ lSE; 
n=6). 
We assumed that the only source of N2O in the leaf chamber was the 
co1npressed air that the CO2 was mixed into, and that the concentration of N2O in this 
air was 300 nmol mor1. The CO2 concentration was 10%, giving a ratio of N2O to CO2 
of 3 x 1 o-6. This ratio could have been doubled during photosynthesis measurements, 
when the CO2 concentration exiting the chamber was as little as half that entering it, 
giving a ratio of 6xl0-6. Using the empirical equations of Mook and van der Hoek 
(1 983), this ratio ofN2O to CO2 would result in measurement biases of 0.002%0 for both 
813C and 8180. This bias was considered negligible, and no attempt was made to 
account for contamination of CO2 samples by N2O. 
7.4.3. Calculation of the oxygen isotope composition of dark-respired CO2 
In the first dark experiment, where air entering the leaf chamber was free of 
CO2, the oxygen isotope composition of respired CO2, 8R, was assumed equal to that of 
CO2 exiting the chainber, 83 • In the second dark experiment, where air entering the 
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chamber had a CO2 concentration sufficient to bring the concentration inside the 
chamber to near 350 µmol mor1, 8R was calculated as 
(7.11) 
where Ca is the CO2 partial pressure (µbar) of air within the chamber when dried, 8a is 
8180 of CO2 within the chamber, Cm is the CO2 partial pressure (µbar) of dry air 
entering the chamber, and 8m is the 8180 of CO2 entering the chamber. A derivation of 
equation (7.11) is provided in Appendix 7.2. The terms Ca and 8a are measured in gas 
exiting the leaf chamber, due to effective stirring of air within the chamber. 
7.4.4. Calculation of photosynthetic discrimination against 13C and 180 
For measurements in the light, I calculated carbon and oxygen isotope 
discrimination during photosynthesis as described by Evans et al. (1986): 
L', A = ~ - 1 = c; (()a - JiJ ' 
RA l+5a -c;(5a -5in ) (7.12) 
where Ra is 13C/12C or 180 /160 of CO2 within the leaf chamber, RA is 13C/12C or 180 / 160 
of CO2 removed from the chamber by photosynthesis, 8a is 813C or 8180 of CO2 within 
the leaf chamber, 8m is 813C or 8180 of CO2 entering the chamber, and ~ is defined as 
Cm/( Cm-Ca), where Cm and Ca refer to CO2 partial pressures in dry air. I calculated the 
oxygen isotope composition of chloroplast CO2 during photosynthesis by rearranging 
the C18OO discrimination equation presented by Farquhar and Lloyd (1993) : 
6. = 6. A -a 
ca ( 1 + L', J C c ) , 
\Ca -Cc 
(7 .13) 
where 6.A is discrimination against C1800 during photosynthesis, as defined above, and 
6.ea is defined as (Re!Ra)-l , where Re is 180 /160 of chloroplast CO2. I then calculated be 
as 8c=6.ea( l +8a)+8a, 
For the photosynthesis measurements that comprised my third experiment, I 
compared the regression approach to calculating 8, as described above in the theory 
relating to dark respiration, to the method suggested by Gillon and Y akir (2000b ), 
whereby 8 can be calculated separately for each individual photosynthesis 
measurement: 
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(7.14) 
where ~ea is the value of ~ca expected if chloroplastic CO2 were in full oxygen isotope 
equilibrium with De. The ~ea was calculated as 
~ =5e(l+cw)+&w-5a . 
ea l + c)a (7.15) 
Equation (14) incorporates an assumption that is not applied in the regression approach 
to calculating 8 that I described above for dark respiration. The assumption is that the 
8180 of CO2 in the chloroplast that has not equilibrated with leaf water can be calculated 
from the equation Rco Ra[l-a(l-Cc!Ca)] (Gillon and Yakir, 2000b), which can be 
replaced, to a close approximation, by 8co=8a-a(l-Cc!Ca). Defining 8co in this way 
assumes no discrimination against C1800 by Rubisco; it also ignores any possible effect 
of photorespiration or day respiration on 8co-
7.4.5. Calculation of the conductance from Ci to Cc 
The CO2 conductance from leaf intercellular air spaces to the sites of 
carboxylation in chloroplasts (gi) was calculated from 13C discrimination measurements 
during photosynthesis using the method of Evans et al. (1986): 
e91d 
_ _ (b - a;:) (~J- k + JI'* 
~i ~obs - ~-~ ---- ' 
gi ca ca 
(7.16) 
where ~obs is the observed 13C discrimination, b is the discrimination against 13C02 
during carboxylation (taken as 29%0), a;: is the sum of discriminations against 13C02 
during dissolution of CO2 and liquid phase diffusion (l .8%0), A is the net photosynthetic 
rate (µmol CO2 m-2 s-1), Ca is the ambient CO2 partial pressure (µbar), 91ct is day 
respiration (µmol CO2 m-2 s- 1), e is the associated discrimination against 13C02, k is the 
carboxylation efficiency (mol m-2 s- 1 bar-1), I \ is the CO2 compensation point in the 
absence of 91ct (µbar), and f is the discrimination against 13C02 associated with 
photorespiration. The term L'.1i represents the discrimination that would occur if gi were 
infinite, and if photorespiration and day respiration did not discriminate (Farquhar et al. 
1982): 
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(7.17) 
where ai3 is the discrimination against 13CO2 during diffusion through the boundary 
layer (2.8%o), Cs is the CO2 partial pressure at the leaf surface, and a 13 is the 
discrimination against 13CO2 during diffusion through the stomata (4.4%o). The term (b-
a~ )/ gi was calculated from the slope, m 13 , of a plot of ~i-6obs against Al Ca. The term gi 
was then calculated as (b- a; )/m13 . The value of m13 is independent of values assigned 
to f and e in equation (16), because varying these parameters affects the intercept of the 
regression rather than the slope. Therefore, there is no need to assign values to f and e 
for calculation of gi. 
7.4. 6. Calculation of the oxygen isotope coniposition of average lamina leaf water 
I estimated the average lamina leaf water 180 enrichment (6L) of leaves during 
CO2 collections from a model relating 6L to 6e (Farquhar and Lloyd 1993): 
(7 .18) 
where 6 e is as calculated in equation (7.7), and tJ is a lamina radial Peclet number 
(Farquhar and Gan 2003). The term tJ is defined as ELl(CD) , where Eis transpiration 
rate (mol m-2 s- 1) , Lis a scaled effective path length (m), C is the molar concentration of 
water (5 .55xl04 mol m-3) , and Dis the diffusivity of H2 18O in ,,,vater (2.66x10-9 m-2 s-1). 
In a previous experiment, I found that the scaled effective path length for Ricinus 
conimunis, grown and measured under the same conditions as in the present experiment, 
v1as 15.0 + 3.5 mm (mean + lSD; n=5) (Chapter 4). This mean value was used to 
calculate 6L. The term 8L was calculated as 8L =6L(l +8s)+85 • In the previous 
experiment (Chapter 4), I found that the ethanol-dry ice traps on the by-pass drying loop 
of the gas exchange system vvere not quite efficient enough to remove all of the water 
vapor from the air cycling back to the chamber. Due to fractionation during 
condensation of the vapor in the traps, vapor in the air returning to the chamber was 
slightly enriched compared to that retained in the traps. As a result, 6v for the air 
exiting the chamber was found to be 1.2 + 0.5 %0 (mean+ lSE; n=5). This mean value 
vvas used in calculations of 6 e. 
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7.5. Results 
7. 5.1. Dark respiration with CO2 free air entering the leaf chamber 
In the first dark respiration experiment, air entering the leaf chamber was free of 
CO2, and air exiting the leaf chamber had a mean CO2 partial pressure of 4 7 µbar. The 
CO2 exiting the leaf chamber was collected and analyzed for its isotopic composition. 
A summary of gas exchange parameters measured just prior to each CO2 collection is 
presented in Table 7.2. The dark respiration rates of the leaves ranged from 0.8 to 2.0 
µmol CO2 m-2 s-1 on a projected leaf area basis, with a mean value of 1.5. The C/Ci 
values ranged from 0.46 to 0.93, with a mean value of 0.81. 
Isotopic parameters derived by combining the results of the gas exchange 
measurements with results of analyses of the isotopic composition of CO2 exiting the 
leaf chamber, and of irrigation water fed to the plants, are given in Table 7 .2; these 
parameters are be, 8L, and 8c. Results for 8a, the 8180 of CO2 exiting the leaf chamber, 
are also given in Table 7 .2. The observed 8R values, which are equal to 8a in the first 
experiment, ranged from 43.8 to 59.0%0, with a mean value of 51.6%0. All 8180 values 
in this chapter are reported relative to VSMOW. The 8c values were significantly, 
positively correlated with corresponding values of be (Figure 7 .1 ); the Pearson 
correlation coefficient (r) between the two was 0.96 (P<0.0001, n=l 1). The 8c values 
were also significantly correlated with values of 8L (r=0.90, P =0.0001 , n=ll) , but the 
relationship was not as strong as that between 8c and 8e. The slope of the regression 
relating 8c to be was 0.82, yielding an estimate for 8 of 0.79. Thus, I estimated, by 
applying equation ( 6), that 79% of the CO2 in the chloroplasts had equilibrated with 
chloroplast water during dark respiration in the first experi1nent. The intercept of the 
regression relating 8c to be was 39.4%0; this intercept yields an estimate for 8co of 
36.2%0. This is the mean 8180 estimated for CO2 not equilibrated with chloroplast 
water. 
By applying the mean value of gi derived from carbon isotope discrimination 
measurements during photosynthesis (see results below), I generated estimates of Cc 
and a. These values are detailed in Table 7.2 . Estimates of Ca/Cc ranged from 0.45 to 
0.88, with a mean value 0.78. When these values for Caf Cc and a were inserted into 
equation (7.2), along with the values of 8 and 8co described above, a mean modeled 8R 
of 51.9%0 was predicted, in good agree1nent with the mean observed 8R of 51.6%0. The 
range of modeled 8R can be compared with the range of observed 8R in Table 7 .2. 
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Table 7.2. Gas exchange and isotopic characteristics for R. communis leaves. Values 
are given as the mean, with the total range in parentheses, for the three experiments 
conducted. Symbols are as defined in Table 7.1. Modeled SR values were calculated 
using equation (7.2) and the empirically determined coefficients for 0 and Seo for 
experiments 1 and 2. Modeled L1A values were calculated using equation (7.13) and 
assuming L1ca=L1ea,· the term L1ea was calculated as in equation (7.15). 
Experiment 2: Experiment 3: 
Experiment 1 : Dark respiration at Photosynthesis at 
Dark respiration at atmospheric CO2 atmospheric CO2 
Parameter low CO2 concentration concentration 
concentration 
n 11 10 8 
g5 (mol m-2 s-1) 0.28 (0.04 to 0.55) 0.13 (0.03 to 0.28) 0.50 (0.18 to 0.77) 
E (mmol m-2 s-1) 4.4 (1.2 to 7.8) 2.7 (1.3 to 4.0) 8. 8 ( 5. 7 to 15 .1) 
T1eaf (°C) 29 .3 (27 .3 to 31.2) 30.2 (29.3 to 30.8) 27.2 (24.0 to 30.1) 
Ca (µbar) 47 (24 to 66) 347 (324 to 365) 363 (328 to 395) 
Ci (µbar) 63 (27 to 125) 357 (328 to 401) 285 (250 to 317) 
Cc (µbar) 66 (28 to 128) 360 (330 to 403) 249 (207 to 287) 
ea/ei 0.53 (0.13 to 0.92) 0.41 (0.11 to 0.73) 0.51 (0.30 to 0. 78) 
a (%0) 6.6 (5.4 to 8.4) 5.9 (3.7 to 8.3) 6.0 (5.0 to 7.5) 
8a (%0 vs. VSMOW) 51.6 ( 43 .8 to 59.0) 43.5 (37.7 to 51.2) 42.3 (40.1 to 45.4) 
8e (%0 vs. VSMOW) 16.9 (5.0 to 29.2) 20.5 (10.8 to 29.8) 17.5 (9.4 to 23.9) 
8L (%0 vs. VSMOW) 12.4 (4.3 to 26.5) 17.2 (8.4 to 27.4) 9. 5 ( 4 .1 to 16. 4) 
8c (%0 vs. VSMOW) 53.3 (44.8 to 63.2) 51.4 ( 44.6 to 60.7) 59.6 (50.4 to 70.7) 
8R (%0 vs. VSMOW) 51.6 (43.8 to 59.0) 277 (233 to 324) 
modeled 8R 51.9 (34.0 to 64.4) 291 (149 to 476) 
~A (%0 vs. VSMOW) 44.6 (32.4 to 78.5) 
modeled ~A 43.4 (30.6 to 62.9) 
157 
Chapter 7 
Dark respiration 
80 --~-~-~-~-~-~-~ 
-0 
-;::.!:2 0 
-
75 
70 
ON 65 
0 
......, 60 
Cl) 
cu 
0.. 
0 
s.,_ 
0 
..c 
(.) 
4-
0 
0 
55 
50 
45 
40 
35 
30 
0 
8c =0.8288 +39.4; r-=0.96, n=11 
5 10 15 20 25 30 35 
8180 of evaporative site water (%0) 
Figure 7.1. The 8 80 of chloroplast CO2 plotted against the 8 80 of water at evaporative sites 
in R. communis leaves during dark respiration. In this experiment, air entering the leaf 
chamber was free of CO2, and the CO2 partial pressure of air exiting the chamber averaged 47 
µbar. The 8 80 of chloroplast CO2 was calculated from measurements of the 8 80 of CO2 
exiting the chamber and gas exchange parameters, as described in the theory section of this 
chaper. The broken line on the graph represents the relationship expected if chloroplast CO2 
were in full oxygen isotope equilibrium with water at evaporative sites. The 88 0 values are 
presented relative to VSMOW The 880 of irrigation water fed to the plants was - 7.2%0. 
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7. 5.2. Dark respiration at atmospheric CO2 concentration 
In the second dark respiration experiment, the partial pressure of CO2 in the air 
entering the leaf chamber was adjusted such that the air exiting the chamber had a -
partial pressure of approximately 350 µbar. Under these conditions, leaf dark 
respiration rates were similar to those observed in the first experiment, ranging from 1.0 
to 2.0 µmol CO2 m-2 s-1, with a mean value of 1.4. - Stomatal conductance was lower 
than in the first experiment, having a mean value less than half that observed in the first 
experiment (Table 7 .2). This presumably reflects a response to the increased CO2 
partial pressure within the leaf chamber. Although stomatal conductance was lower, 
Cal Ci values were higher than in the first experiment due to the increase in Ca; values 
ranged from 0.91 to 0.99, with a mean of 0.97. The 8180 of CO2 in air entering the leaf 
chamber was 19.1 + 0.1%0 (mean+ lSE; n=5). The mean 8180 of CO2 exiting the 
chamber was 43 .5%o. 
The most striking difference between the first and second dark respiration 
experiments was the difference in observed 8R. The mean observed 8R in the second 
experiment ·was 277%0, which can be compared with 52%0 for the first experiment 
(Table 7 .2). Mean values for 8e, 8L, and 8c were similar between the two experiments 
(Table 7.2). Differences between 8e and 8L in the second experiment were slightly less 
than in the first experiment, reflecting the lower transpiration rates (Table 7 .2). As in 
the first experiment, variation in 8c was significantly correlated with variation in 8e 
(Figure 7.2), showing an r value of 0.95 (P<0.0001, n=l0). It vvas also correlated with 
8L, with a slightly lower correlation coefficient (r=0.94, P<0.0001, n=l 0). The 
regression slope of the relationship betvveen 8c and 8e was 0. 82, resulting in an estimate 
for 8 of 0.79, suggesting that 79% of the CO2 in chloroplasts had equilibrated with 
chloroplast water during dark respiration in the second experiment. This 8 value is the 
same as the value of 0.79 estimated in the first experiment. The value of the intercept 
of the regression of 8c on 8e was 34.6%0, yielding an estimate for 8co of 14.3%0; this 
value is lo\ver than the 8co of 3 6.2%0 estimated in the first experiment. 
Values of Cal Cc in the second experiment did not differ from values for Cal Ci 
when calculated to two decimal places; the range was from 0.91 to 0.99, with a mean of 
0.97. This mean of 0.97 is considerably higher than the mean Ca/ Cc of 0.78 observed in 
the first experiment. Mean estimates for a were similar between the two experiments 
(Table 7.2). When the empirically determined coefficients for 8 and 8co for the second 
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experiment were inserted into equation (7 .2), along with the other relevant parameters, 
the mean value of modeled 8R was 291 %0, which compares reasonably well with the 
mean observed 8R of 277%0. The relatively small difference between the two 
presumably reflects variation around the regression line in Figure 7 .2, which was used 
to estimate 0 and 8co• 
A comparison of modeled 8R values across both experiments with observed 8R 
showed that modeled 8R accounted for 80% of variation in observed 8R. The regression 
line relating the two was 8R(observed)=0.728R(modeled)+39.5 (R2=0.80, P <0.0001 , 
n=2l). 
7.5.3. Carbon and oxygen isotope discrimination during photosynthesis 
In the third experiment, R. communis leaves were placed in the leaf chamber in 
the light, and gas exchange and isotopic analyses were conducted. Photosynthesis rates 
ranged from 8.5 to 30.9 µmol CO2 m-2 s-1, with a 1nean value of 20.4. The CO2 partial 
pressure of air exiting the chamber ranged from 328 to 395 µbar, whereas the CO2 
partial pressure of incoming air ranged from 53 3 to 967 µbar; this gave rise to s values 
ranging from 1.5 to 3.0. Stomatal conductance was approximately 4-fold larger in the 
light than in the dark at similar CO2 partial pressure (Table 7.2). The C/ Ca ranged from 
0.66 to 0.90, with a mean of 0.79. The ·8180 of CO2 entering the leaf chamber was 19.1 
+ 0.1 %0 (mean + 1 SE; n=5); the 813C of CO2 entering the leaf chamber was - 33 .1 + 
0.2%0 (1nean + 1 SE; n=5). The 8180 of CO2 exiting the leaf chamber ranged from 40.1 
to 45.4%0; the 813C of CO2 exiting the chamber ranged from - 25.3 to - 19.3%0. 
The mean observed oxygen isotope discrimination during photosynthesis (~A) 
was 44.6%0; the range is given in Table 7 .2 . The 8c values for the photosynthesis 
experiment were somewhat higher than for the dark respiration -experiment at similar 
CO2 concentration, presu1nably refl ecting a higher proportion of chloroplast CO2 
equilibrated with chloroplast water (i .e., higher 8) . Differences between 8e and 8L were 
larger in the photosynthesis experiment than in the dark respiration experiments, 
reflecting the higher transpiration rates (Table 7 .2) . Variation in 8c was significantly 
correlated with variation in 8e (r=0.97, P<0.000 1, n=8), as shown in Figure 7.3. The 8c 
was also correlated with 8L (r=0.91, P=0. 00 1, n=8 ), but the correlation was not as 
strong as with 8e. The slope of the relationship between 8c and 8e was 1.31 ; using 
equation ( 6), this indicates a value fo r 8 of 1.25. However, this slope estimate was 
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strongly influenced by one outlying data point; this datum is identified by an arrow in 
Figure 7.3. If this outlying datum is excluded from the analysis, the slope of the 
relationship between c\ and 8e becomes 1.11, yielding an estimate for 8 of 1.06. The 
individual 8 values calculated according to the method of Gillon and Y akir (2000b) 
ranged from 0.93 to 1.24, with a mean value of 1.02. If the outlying data point 
identified with the arrow in Figure 7 .3 is excluded, these individual 8 estimates ranged 
from 0.93 to 1.06, with a mean of 0.99. Because the 8 values were very close to 1.0, we 
did not estimate a 8co value for the photosynthesis experiment. 
Observed carbon isotope discrimination values, ~obs, ranged from 19 .4 to 
25.2%0, whereas values predicted for infinite gi and no discrimination by 
photorespiration or day respiration, ~i, ranged from 20.6 to 26.5%0. The slope of the 
relationship between ~i-~obs and A/Ca was 47.8 + 14.6 (slope+ 1 SE), yielding a mean gi 
estimate of 0.57 mol m-2 s-1 bar-1. 
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Figure 7.2. The 8 80 of chloroplast CO2 plotted against the 8 80 of water at evaporative sites 
in R. communis leaves during dark respiration. In this experiment, air entering the leaf 
chamber had an average CO2 partial pressure of 314 µbar, and air exiting the chamber had an 
average CO2 partial pressure of 347 µbar. The broken line on the graph represents the 
relationship expected if chloroplast CO2 were in full oxygen isotope equilibrium with water at 
the evaporative sites. The 880 values are presented relative to VSMOW The 880 of 
irrigation water fed to the plants was -7.2%0. 
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Figure 7.3. The 8 80 of chloroplast CO2 plotted against the 8 80 of water at evaporative sites 
in R. communis leaves during photosynthesis. In this experiment, air entering the leaf chamber 
had an average CO2 partial pressure of 833 µbar, and air exiting the chamber had an average 
CO2 partial pressure of 363 µbar. lrradiance varied from 300 to 800 µmo! PAR m-2 s-1, and 
chamber air temperature varied between 25 and 30°C. The 8 80 of chloroplast CO2 was 
calculated as described in the theory section of the main text. The broken line on the graph 
represents the relationship expected if chloroplast CO2 were in full oxygen isotope equilibrium 
with water at the evaporative sites. The 880 values are presented relative to VSMOW The 
880 of irrigation water fed to the plants was -7.2%0. The arrow on the graph indicates an 
outlying datum that strongly influenced the slope of the regression between 5c and 5e. 
Excluding this datum resulted in a slope between 5c and 5e of 1. 10. 
7 .6. Discussion 
The most important result of this study is that I have shown that it is the one-
way CO2 efflux fro111 a respiring leaf that is labeled with the leaf water 8180 signal, 
rather than the net CO2 efflux. The one-way efflux can be calculated as gtcCclP , where 
gtc is the total conductance to CO2 from chloroplast to atmosphere (mol m-2 s-1), and Pis 
atmospheric pressure (bar). In my second dark respiration experiment, where Ca 
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averaged 347 µbar, values for g1cCJP ranged from 7.4 to .50.1 µmol CO2 m-2 s-1, 
whereas the net respiratory efflux, 91n, ranged from 1.0 to 2.0 µmol CO2 m-2 s-1; the 
ratio of gtcCc/P to 91n averaged 16.9. Thus, in cases where the CO2 diffusing out of a 
respiring leaf has a 8180 different from CO2 in canopy air, the effect of 8R on 8a could 
be significantly underestimated if one assumes that only the net CO2 efflux is 
influenced by the isotopic composition of leaf water. The analogous requirement for 
considering one-way CO2 fluxes when calculating the effect of photosynthesizing 
leaves on 8180 of atmospheric CO2 was discerned by Farquhar et al. (1993). 
Previous attempts to model the effect of leaf dark respiration on the 8180 of CO2 
in canopy air have considered only the net respiratory CO2 efflux. I will refer to this 
method as the 'net flux model'. In the net flux model, 8R is calculated as 8R=8e+Ew-a, 
where a is usually taken as 8.8%0. The C1800 isoflux is then calculated as the product 
of 91n and 8R. For the purposes of this discussion, I define an isoflux as the product of a 
net CO2 flux and its 8180. The net flux model has been used to interpret nighttime 
measurements of 8180 in canopy CO2 (Flanagan et al., 1997; Flanagan et al., 1999; 
Mortazavi and Chanton, 2002; Bowling et al., 2003a, 2003b ), and in global simulations 
of 8180 dynamics in atmospheric CO2 (Cuntz et al., 2003a; Cuntz et al., 2003b ). Earlier 
global studies did not differentiate leaf respiration from soil respiration, and thus did not 
define 8R for leaves (Farquhar et al., 1993; Ciais et al., 1997). A slightly different 
version of the net flux model, with a modified term for diffusional fractionation, has 
also been applied at the leaf level (Y akir et al., 1994; .Yakir 1998). If I apply the net 
flux model to data from my second experiment, where Ca was near that found in the 
atmosphere, predicted values for 8R range from 42 to 61 %0. These values can be 
compared to observed 8R values ranging from 233 to 324%0. Thus, in the second dark 
respiration experiment, the net flux model underestimated the observed 8R by 180 to 
266%0. Note that these observed 8R values are effective values that result when one 
treats the modification of 8180 of CO2 in air passing over the leaf as if it resulted from 
the net CO2 efflux alone. Thus, using these observed 8R values, the C1800 isoflux is 
still calculated as 9in8R, and the large difference between 9in and g1cCJ P becomes 
manifested in the 8R term. 
If I apply the net flux model to my first experiment, where air entering the leaf 
chamber was free of CO2, it predicts 8R values ranging from 3 6 to 60%0. Observed 8R 
values in this experiment ranged from 44 to 59%0, in good agreement with predictions 
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from the net flux model. The difference in the performance of the net flux model 
between the first and second dark respiration experiments can be effectively understood 
by examining an alternative formulation of equation (7 .2). If the definition of be from 
equation (7.6) is substituted into equation (2), and the term (1 +a) in the denominator of 
equation (2) is assumed equal to unity, equation (2) can be rewritten as 
JR= be -a +(be -6a { ca J . 
\Cc-Ca 1' J ~--ill __ / 
(7.19) 
Equation (7 .19) is informative in that terms I and II on the right side are analogous to 
the net flux model; the difference is that in equation (7 .19) be is defined as in equation 
(7.6), whereas in the net flux model be is defined as be+Ew. Term III on the right side of 
equation (7 .19) reflects the proportion of CO2 that diffuses into the leaf and equilibrates 
with leaf water, then diffuses out of the leaf, thereby altering the isotopic composition 
of CO2 in the leaf chamber while leaving the net CO2 efflux rate unaltered. This 
process is analogous to the invasion effect that has been described for soil respiration 
(Tans, 1998; Miller et al., 1999; Stem et al., 2001). In the first dark respiration 
experiment, where air entering the leaf chamber was free of CO2, this process was also 
occurring, but had a much smaller impact on bR than in the second experiment. This is 
because (bc-ba) was small in the first experi1nent, having a mean value of l.8%0; in 
contrast, (bc-ba) in the second experiment had a 1nean value of 7 .9%o. Additionally, 
[ Cal( Cc-Ca)] was 1nuch smaller in the first experi1nent than in the second, having a 1nean 
value of 4.8 in the former versus 47.7 in the latter. As a result, the mean value for term 
III in equation (7.19), which can be thought of as the invasion term, was 5.2%0 for the 
first dark respiration experi1nent, and 234%0 for the second dark respiration experiment. 
Equation (7 .19) can be used to highlight the conditions under which large 
departures in bR from values predicted by the net flux model can be expected at the 
ecosyste1n level under natural conditions. For exainple, if be is very similar to ba, tenn 
III will be small. Additionally, if stomata are tightly closed, [ Cal( Cc-Ca)] will be small, 
and term III will also be small. Thus, the largest departures in bR from the predictions 
of the net flux model should occur when there is a relatively large difference between be 
and ba, and when stomata are relatively open, such that [ Cal( Cc-Ca)] is large. The 
approxi1nation in equation (7 .19) that ( 1 +a) equals unity introduces a very small bias 
into calculations with this equation; however, this bias is less than 1 % and is therefore 
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negligible. Thus, equation (7 .19), in combination with equation (7 .6), can be used in 
place of equation (7 .2), if so desired. 
Photosynthesis enriches the atmosphere in C1800 due to exchange of CO2 with 
evaporatively enriched leaf water in the chloroplast, whereas soil respiration is 
generally thought of as depleting the atmosphere in C1800, because soil CO2 exchanges 
with water in soil that has generally not been enriched by evaporation (Flanagan and 
Ehleringer, 1998). In this study, I have observed that leaf dark respiration is capable of 
enriching air passing over a leaf in C1800 to as great an extent as photosynthesis. The 
mean 8180 value of CO2 exiting· the leaf chamber in the respiration measurements at 
atmospheric CO2 partial pressure was 43.5%0; the mean value for photosynthesis 
measurements at similar Ca was 42.3%0. The 8180 of incoming CO2 in both 
experiments was 19 .1 %0, and flow rates through the chamber were similar between the 
two experiments. Thus, dark respiration had as marked an effect as photosynthesis on 
the 8180 of CO2 passing over the leaves, even though the net exchange of CO2 between 
the leaf and ambient air is roughly an order of magnitude less, and in the opposite 
direction, during dark respiration. 
The effect of both photosynthesis and respiration on 8180 of CO2 in canopy air 
1s partly controlled by the isotopic composition of leaf water. In natural systems, 
nighttime leaf water 8180 is typically intermediate between daytime leaf water 8180 and 
the 8180 of source water (Dongmann et al., 1974; Forstel, 1978; Zundel et al. , 1978; 
Forstel and Butzen, 1983; Flanagan and Ehleringer, 1991; Flanagan et al. , 1993; 
Flanagan et al., 1999; Cemusak et al. , 2002; Mortazavi and Chanton, 2002). I therefore 
expect nighttime leaf respiration to impart a C1800 signal on the atmosphere that is 
intermediate between the soil respiration signal and the photosynthesis signal. 
Accurate prediction of the oxygen isotope composition of leaf water is important 
for interpreting vegetation effects on 8180 of atmospheric CO2 . Equation (7.7) can be 
used to calculate be under steady state conditions. However, leaf water 8180 is unlikely 
to be at steady state at night (Flanagan and Ehleringer, 1991; Harwood et al. , 1998; 
Chapter 2). In Chapter 2, I applied a non-steady state equation for 8180 in leaf water, 
derived by Farquhar and Cemusak (in preparation), and found good agreement between 
predicted and observed nighttime values. The combination of the non-steady state leaf 
water equation and the model that I have provided here for 8R should allow reasonable 
predictions to be made of the impact of leaf dark respiration on 8180 of atmospheric 
CO2. 
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Stomata! conductance will be an important parameter in the prediction of both be 
and 8R during the night. However, little attention has been paid historically to nighttime 
stomata! conductance. Snyder et al. (2003) recently observed nighttime stomata! 
conductance to water vapor ranging from 10 to 150 mmol m-2 s-1 for 17 plant species in 
the western United States. However, a mechanistic framework for interpreting such 
variation does not currently exist. Further investigation into the patterns and processes 
controlling nighttime stomata! conductance will lead to more accurate prediction of 
nighttime be and 8R. I note that the mean stomata! conductance that I observed in the . 
dark for Ricinus communis at normal atmospheric CO2 concentration was 130 mmol m-2 
s-1 (Table 7.2), near the high end of values observed by Snyder et al. (2003) at night in 
the field. My measurements were made during the day, and it is likely that stomata! 
conductance was influenced by circadian rhythms, causing it to be higher than it would 
be in the dark at night. 
The mean value of 8 for the photosynthesis experiment calculated by the method 
described by Gillon and Yakir (2000b) was very close to 1.0. If the outlying data point, 
indicated by an arrow in Figure 7.3, was excluded from the analysis, the regression 
method resulted in a similar estimate of 1.06. Thus, both calculations suggested 8 
values close to unity for photosynthesizing R. communis leaves. A quick examination 
of Figure 3 shows that observed 8c estimates lie very close to those expected for full 
equilibrium, with the exception of the one outlier, which is several per mil above the 
value expected for full equilibrium. I am unable to find a satisfactory explanation for 
why this particular datum should differ so markedly from the others. Results have been 
reported for a number of other C3 species in which the CO2 diffusing out of 
photosynthesizing leaves appeared to be very close to full equilibrium with be ( 
Farquhar et al. 1993; Gillon and Yakir 2001). Interestingly the 8 values that I observed 
during dark respiration in R. communis were lower than those observed during 
photosynthesis, having values close to 0.80. Further research is necessary to determine 
the cause of this apparent discrepancy between 8 in the light and in the dark. 
Gillon and Yakir (2000b) suggested that during photosynthesis 8co, the 8180 of 
CO2 in the chloroplast not equilibrated with chloroplast water, can be calculated, to a 
close approximation, as 8co=8a-a(l -Cc/Ca)- This definition assumes no discrimination 
against C 1800 by Rubisco during photosynthesis, and neglects any influence of 
photorespiration or day respiration on 8co - The latter statement is tantamount to saying 
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that CO2 evolved from the mitochondria in the light has the same oxygen isotope 
composition as CO2 in the chloroplast. In that case, any addition of mitochondrial CO2 
will have no impact upon the 8180 of chloroplast CO2 . The photosynthesis data set that 
I collected for R. communis did not allow me to test these assumptions because 8 was 
very close to 1.0; thus, the 8co signal was completely washed out by the activity of 
carbonic anhydrase. 
However, this was not the case for dark respiration, during which 8 was 
approximately 0.80. The method of Gillon and Yakir (2000b) leads to mean 8co values 
for the first and second dark respiration experiments of 55.2 and 43.7%0, respectively. 
These values can be compared to the mean 8co values generated by the regression 
method of 30.8 and 14.3%0, respectively. Although the regression method makes no a 
priori assumptions about the controls on 8co, we caution against over-interpretation of 
these latter values for the following reason: the regression analysis, as summarized in 
equation (7 .6), assumes no variation in 8 and 8co among individual measurements in 
each experiment. The 8a values varied among measurements according to how the leaf 
was modifying the 8180 of CO2 in the leaf chamber. Therefore, to the extent that 8co is 
controlled by 8a, 8co could also have varied among individual measurements. 
Nonetheless, the large variation between 8co calculated as suggested by Gillon 
and Yakir (2000b) and the apparent 8co values observed in the dark respiration 
experiments warrants some discussion. There are three possible sources for the oxygen 
in CO2 evolved in mitochondria during either dark respiration or photosynthesis: 
atmospheric 0 2, organic oxygen from respiratory substrates, and oxygen from leaf 
water. Atmospheric 0 2 has a 8180 near 23.5%0 (VSMOW scale), and discrimination 
against 1800 during respiration in plant tissues ranges from about 17 to 26%0 (Guy et 
al., 1992). I would therefore expect the 8180 of respiratory CO2 deriving its oxygen 
atoms from 0 2 to be in the range of O to 5%o. Assuming the 02 tank used in our 
experiments had a 8180 similar to atmospheric 0 2, this range of values would apply. 
Organic oxygen in phloem sap sugars of the R. communis plants that I studied had a 
mean 8180 of 27.5 + 0.6%0 (mean + lSD; n=l0). Generally, this oxygen pool is 
expected to have a 8180 enriched by 27%0 compared to 8L at the time of photosynthesis 
(Chapter 4). Oxygen atoms derived from water during respiratory reactions would also 
be expected to be enriched by 27%0 compared to the 8180 of the water source. The 
difference between the 8180 of CO2 derived from any of these three sources and that of 
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CO2 diffusing into the leaf from the atmosphere, prior to equilibration with leaf water, 
would depend on 8a and, in the case of organic oxygen and oxygen from water, 8L. 
However, it seems likely that under most circumstances the effect of incomplete 
equilibration between CO2 evolved from mitochondria and leaf water would be to 
decrease 8co below the value predicted by the formulation given by Gillon and Y akir 
(2000). More experiments like those conducted by Yakir et al. (1994) would be helpful 
for resolving this issue. 
Farquhar and Lloyd (1993) discussed the departure of 8c from that predicted for 
equilibrium with 8e during photosynthesis in terms of the ratio of the rate of 
carboxylation by Rubisco to the rate of CO2 hydration by carbonic anhydrase. This 
ratio was termed p. A simplified non-equilibrium equation for discrimination against 
C18OO during photosynthesis, neglecting the possible effects of photorespiration and 
day respiration, was presented as (Farquhar and Lloyd, 1993) 
(7.20) 
where b18 is discrimination against C 18OO by Rubisco. Using this equation, and 
assuming b18=0, I calculated a mean p value for my photosynthesis 1neasurements of -
0.002 + 0.009 (mean + 1 SD; n=8); if the outlier in Figure 3 is excluded, the mean p 
value becomes 0.001 + 0.006 (mean+ lSD; n=7). These values can be compared to a 
mean p value calculated for Phaseolus vulgaris of 0.025 (Flanagan et al., 1994). Thus, 
the p values that I observed for R. communis were somewhat smaller than those 
observed previously for P. vulgaris. These values can be co1npared to a theoretical 
prediction for p of ""'0.05 (Cowan, 1986). 
In my calculations I have assumed that the 8180 of chloroplast water 1s 
equivalent to 8e. One 1night expect chloroplast water to be slightly less enriched than 8e 
due to the Peel et effect (Farquhar and Lloyd, 1993 ), which describes the interplay 
between advection of water toward the evaporative sites and diffusion of heavy isotopes 
away from the evaporative sites. I found that correlations between 8c and 8e were 
generally stronger than between 8c and 8L. This agrees with previous results (Flanagan 
et al. , 1994), and suggests that 8e is a more relevant parameter for predicting 8180 of 
CO2 diffusing out of leaves than 8L. 
168 
•• 
Chapter 7 
Gillon and Y akir (2000a) suggested that the CO2 partial .pressure at the 
chloroplast surface ( Ccs) is a more appropriate parameter for predicting discrimination 
against C18OO during photosynthesis than that at the sites of carboxylation by Rubisco 
( Cc)- They reconstructed Ccs by combining measurements of C18OO discrimination and 
carbonic anhydrase activity. I did not measure carbonic anhydrase activity directly, and 
so could not modify my calculations to take into account Ccs• In cases where the total 
resistance from the chloroplast to the atmosphere in the dark is dominated by the 
stomatal resistance, use of Ccs in place of Cc will likely not alter predictions of 8R to a 
very large extent. However, if stomata are relatively open and (8c-8a) is large, such that 
the invasion term in equation (7 .19) is large, a variation between Cc and Ccs of as little 
as 2 µbar could have a significant effect on predicted 8R. In such cases it may prove 
helpful to use Ccs in place of Cc, if possible. 
Farquhar et al. (1993) found that a globally averaged leaf water 8180 of 4.4%0 
satisfactorily balanced the global budget for 8180 of atmospheric CO2 . In the most 
recent study of the global budget for 8180 of atmospheric 0 2, a globally averaged leaf 
water 8180 of between 6.1 and 6.8%0 was estimated (Hoffmann et al., 2004). Gillon and 
Yakir (2001) suggested that the globally averaged leaf water 8180 could be as much as 
3%o more than the estimate of Farquhar et al. (1993), in agreement with the requirement 
for balancing the Dole effect (global 1800 budget); the global C1800 budget could then 
be maintained by incomplete equilibration of chloroplast CO2 with chloroplast water 
(i.e., 8<1 ). They esti1nated a globally averaged 8 of O.?O. The results presented in this 
study provide an additional reason that the apparent leaf water signals required to 
balance the global C1800 and 1800 budgets should not be expected to resolve into a 
single value. The apparent leaf water signal relevant to the global 8180 budget for 0 2 is 
the average daytime leaf water 8180, weighted by diurnal (daytime) variation in 
photosynthetic oxygen evolution rates. In contrast, the apparent leaf water signal 
relevant to the global 8180 budget for CO2 is the 24-hour average leaf water 8180, 
weighted by diel (day and night) variation in gtcCclP. Thus, the apparent leaf water 
8180 signals relevant to the global C1800 and 1800 budgets are fundamentally 
different. 
In conclusion, I observed a very large variation in the 8180 of CO2 respired by 
leaves in the dark, with observed values ranging from 44%0 to as high as 324%0. I have 
shown that this large range of 8R values can be satisfactorily explained by taking into 
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account the flux of CO2 that enters the leaf, equilibrates with leaf water, and diffuses 
out of the leaf without affecting the net CO2 efflux. Incorporation of the correct 
expression for 8180 of leaf dark respiration into ecosystem and global scales models of 
C18OO dynamics could affect model outputs and their interpretation. 
7. 7. Appendix 
7. 7.1. Predicting the 8 80 of dark-respired CO2 
I begin by writing an equation for the total CO2 flux from the leaf interior to the 
atmosphere in the dark in the steady state: 
(A7.1) 
where 91n is the net CO2 efflux (µmol m-2 s-1), gtc is the total conductance to CO2 from 
chloroplast to atinosphere (mol 1n-2 s-1), Cc and Ca are the CO2 partial pressures in the 
chloroplast and atmosphere, respectively (µbar), and P is atmospheric pressure (bar). I 
make the assumption that, in C3 plants, carbonic anhydrase resides primarily in the 
chloroplasts (Everson 1970; Jacobson et al. 1975; Tsuzuki et al. 1985), and that it is 
therefore the chloroplastic CO2 concentration that should be considered when 
calculating the C 1800 efflux from the leaf. I further assume that the chloroplasts in C3 
plants are appressed against the intercellular air spaces in the leaf, and that CO2 evolved 
in mitochondria interacts with chloroplasts during diffusion out of the leaf. These 
assumptions may need to be reassessed for application of the model to C4 plants. 
Equation (A7.1) can be written f~r C18OO as 
(A7.2) 
where RR is the 180/160 of dark-respired CO2 , a is the weighted mean diffusional 
fractionation from chloroplast to atmosphere [ calculated as described in equation (7.3) 
of the main text], Re is 180/160 of chloroplastic CO2, and Ra is 180 /160 of ambient CO2. 
Equations (A 7 .1) and (A 7 .2) can be combined to give 
R (c - c ) = 1 (c R - cT R ) R c a - cc aa · l+a (A7.3) 
Dividing equation (A 7.3) by the 180/160 of a standard, Rstd, and applying the 
relationship Rx! Rsrd=bx+ l leads to 
(A 7.4) 
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Solving (A7.4) for 8e leads to equation (7.5) of the main text: 
To write an expression for 8R, I apply an assumption proposed by Gillon and 
Y akir (2000b ), under which the CO2 within the chloroplast can be divided into two 
pools: one pool, of proportion 8, has completely exchanged oxygen atoms with 
chloroplast water and therefore has an 180 / 160 composition of Ree; the other pool, of 
proportion 1-8, has not exchanged oxygen atoms with chloroplast water and retains its 
initial 180 / 160 composition of Reo·. I note that the term Reo could describe a mixture of 
mitochondrial CO2 and CO2 that has diffused into the leaf from ambient air. Therefore, 
I do not define Reo solely as a function of CO2 diffusing into the leaf from the 
atmosphere, as was done previously for photosynthesis (Gillon and Yakir 2000b ). The 
term Re is then written as 
(A7.5) 
The term Ree can be calculated from the equlilbrium fractionation between CO2 and 
water: 
a w= Ree =l+Ew ' 
Re 
(A7.6) 
where Re is 180 /160 of chloroplast water, which I assume to be equal to 180 /160 of water 
at the evaporative sites. Combining equations (A7.3), (A7.5), and (A7.6) leads to 
RR(cc -caX1+a)= c c[Rea w0+Rco(1-0)]-CaRa. (A7.7) 
Dividing through by Rstd, and substituting 1 +sw for a w, gives 
(1+5RXcc -caX1 + a)= cc[(l+c5eX1+&w)9+(l +c5coX1-e)]- ca(1+c5a). 
(A7.8) 
Solving equation (A7.8) for 8R leads to equation (7.2) of the main text, which is 
7. 7.2. Calculating 5Rfrom on-line gas-exchange measurements 
Under steady-state conditions, the increase in CO2 concentration in air flowing 
through a gas-exchange cuvette containing a respiring leaf can be des9ribed as 
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C C. 
u _a = u _!!!_ + A9t p p n, (A7.9) 
where u is the flow rate through the cuvette (mol s-1), A is the area of the leaf in the 
cuvette (m2), Ca and Cm are CO2 partial pressures of dry air exiting and entering the 
cuvette (µbar), Pis atmospheric pressure (bar), and 9tn is the respiration rate of the leaf 
(µmol CO2 m-2 s-1). The corresponding mass balance for C1800 can be written as 
R Ca R Cin AR m U a - = U in - + R:.r\.n · p p 
Combining equations (A 7 .9) and (A 7 .10) gives 
1 
RR =---(RaCa -Rincin). 
ca - cin 
(A7.10) 
(A7.l 1) 
Dividing through by the isotope ratio of a standard, Rstct, and substituting from the 
relationship Rx/Rs1ct=8x+ 1 gives 
1 
6R +l =--[(5a +l)Ca -(5in +l)Cin]. 
Ca -Ctn 
(A7.12) 
Canceling common terms leads to equation (7 .11) of the main text, which is 
I note that the equations derived in Appendices 7 .1 and 7 .2 can also be applied 
in the light. Thus, for photosynthesis, the tenn 8R in equations (7 .2), (7 .5), and (7 .11) of 
the main text can simply be replaced with the term 8A. The term 8A relates to 11A by the 
relationship /1A=(8a-8A)/(1 +8A). 
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Chapter 8: General Conclusions 
The aim of this thesis was to provide a better understanding of the biological and 
physical fractionation of stable isotopes of carbon and oxygen during some 
physiological processes in plants. In this context, six research questions were posed in 
Chapter 1. I now provide conclusions to those questions based on results presented in 
Chapters 2 through 7. 
8.1. Conclusions to Questions Posed in Chapter 1 
8.1.1. Question 1 
Is water enriched in 180 by transpiration exported from leaves in phloem sap? 
If so, is the level of enrichment such that this process should be considered when 
interpreting variation in 180 / 60 of plant organic material? 
I found that phloem sap collected from pod tips of Lupinus angustifolius showed 
the highest 180 enrichment in phloem water of the three phloem bleeding species 
examined. Phloem water enrichment was as much as 17%0 compared to source water in 
the afternoon in L. angustifolius (Chapter 2). In contrast, Eucalyptus globulus showed 
the smallest phloem water 180 enrichments, with average values less than 1 %0 (Chapter 
6). Phloem water 180 enrichment in Ricinus communis was intermediate, showing an 
average value of 4%o (Chapter 4). The large variation among species is interesting, and 
could well represent an equally large variation in phloem ultra-structure and phloem 
loading mechanisms. However, because the variation is so large, it poses some 
difficulty for incorporating phloem water 180 enrichment into general models of organic 
material 180 /160. In answer to the second part of question 1, the results in Chapters 2, 
4, and 6 seem to suggest the following: in large woody plants, in which the residence 
time of water in sieve tubes is likely to be long, phloem water 180 enrichment appears 
to be considerably dampened by mixing with un-enriched xylem water; it could thus be 
safely excluded from models of organic material 180 /160. However, in herbaceous 
plants, phloem water enrichments appear to persist during translocation, and the 
possible implications should be considered when interpreting 180 /160 of organic 
material. 
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8.1.2. Question 2 
Can leaf water 180/60 be predicted under field conditions using a steady state 
model over a full die! cycle? If not, can the model be modified to take into account non-
steady state variation? 
I found that observed leaf water enrichments during the day were generally close 
to those predicted by the steady state leaf water model when the Peclet effect was taken 
into account (Chapters 2, 4, and 6). In contrast, nighttime leaf water enrichment was 
poorly predicted by the steady state leaf water model (Chapters 2 and 6). Modification 
of the steady state model to take into account non-steady state effects resulted in 
improved predictions of nighttime leaf water enrichments (Chapters 2 and 6). As noted 
in Chapter 7, accurate prediction of nighttime leaf water enrichment is important for 
predicting the impact of leaf dark respiration on the 8180 of atmospheric CO2 . The non-
steady state modification of the leaf water model should thus be considered when 
predicting nighttime leaf water 180 enrichment. 
8.1.3. Question 3 
What is the physiological basis for the previously-observed, strong correlation 
between phloem sap sugar concentration and 13 c/ 2 C of phloem sap sugars? 
I showed in Chapter 3 that variation in both phloem sap sugar concentration and 
phloem sap sugar 13C/ 12C could be related to variation in plant water potential. Thus, 
there appears to be a strong physiological basis for the correlated variation between the 
two paraineters. Application of this result could enable inferences about plant water 
relations to be made fro1n simple, field-based measure1nents of phloem sap sugar 
concentration. 
8.1.4. Question 4 
Is the fractionation of 180/60 between leaf 11vater and sugars exported from 
leaves in the phloem sap predictable based on a laiown isotope effect between organic 
molecules and the water in which they form? 
The equilibriu1n fractionation between organic molecules and water was 
. 1 18 previous y assessed to be 27%0, based on measure1nents of 8 0 in cellulose from 
aquatic plants and the water in which the grew, and on measurements of the 8180 of 
oxygen in acetone and the water with which it had equilibrated (Sternberg and DeNiro 
1983). However, it was not previously known whether organic molecules exported 
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from leaves in the phloem sap (mainly sucrose) show the same fractionation with 
respect to average lamina leaf water. In Chapters 4 and 6, I show that the organic 
molecules exported in phloem sap of Ricinus communis and Eucalyptus globulus do 
indeed show a fractionation with respect to average lamina leaf water that is very close 
to 27%0. This result enables improved confidence in interpretations of 8180 in organic 
material, particularly with regard to the relationship with leaf water 180 enrichment. 
8.1. 5. Question 5 
Can the models that are · currently available for carbon and oxygen isotope 
discrimination be applied to plants in the field that are taxonomically and functionally 
very diverse, and still provide sensible interpretations in terms of physiological 
processes? 
In Chapter 5, I present measurements of carbon and oxygen isotope ratios in 
parasitic plants and their hosts growing in southwestern Australia. The plants that were 
sampled represented a very diverse group in terms of plant form and function, ranging 
from xylem-tapping mistletoes to holoparasitic plants entirely dependent on their hosts 
for resources. Some results matched expectations in terms of variation in 8180 and 813C 
between parasites and hosts, such as those for mistletoes. Other results were not readily 
interpretable with the current models of 8180 and 813C variation in plants. 1'1 some 
cases, this represented a lack of availability of ancillary data for parameterizing the 
models, such as the chemical and isotopic composition of xylem sap solutes of the host. 
In other cases, there appeared to be processes at work that may not be currently 
represented in the isotope models, such as the process or processes causing 13C 
enrichment of heterotrophic plant tissues relative to source leaves. In these cases, I 
suggest that data presented in Chapter 5 provide a useful context for designing 
experiments aimed at testing hypotheses about such processes. 
8.1. 6. Question 6 
What are the controls over the oxygen isotope composition of carbon dioxide 
respired by leaves in the dark? Can a theoretical model be developed that explains 
observed variation in 180 / 60 of leaf dark respiration? 
In Chapter 7, I present measurements and interpretation of the 8180 of CO2 
respired by Ricinus communis leaves in the dark. I show that the observed variations in 
the effect of respiring leaves on the oxygen isotope composition of CO2 passing over 
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the leaves can be satisfactorily explained by taking account · of the leaf water 180 
enrichment and gas exchange characteristics. The theory presented as part of this 
analysis should prove useful for interpreting variations in the 8180 of CO2 in the 
atmosphere. 
8.2. Future Research Questions 
Several interesting issues arise as a result of research presented in this thesis; 
these issues may in tum form the basis of future research projects. I will outline below 
three future research questions that I consider to be important outcomes of the research 
that I have conducted. 
The impact of daytime starch storage and subsequent nighttime starch export 
from leaves on the 13C/12C and 180 /160 ratios of plant organic material has not been 
explored. In the case of 13C/12C, starch extracted from leaves has typically been found 
to be enriched in 13C relative to leaf soluble sugars (Gleixner et al. 1993; Gleixner et al. 
1998; Brugnoli and Farquhar 2000). This could suggest a 13C/12C fractionation in the 
partitioning of carbon between starch and soluble sugars that are subsequently utilized 
in leaf metabolism. The isotopically heavier carbon that is stored as starch 1nay then be 
exported from leaves at night, causing the isotopic composition of total carbon exported 
fro1n the leaf over a 24-hour cycle to be enriched in 13C compared to that utilized by the 
leaf in its own metabolism over the same period. This hypothesis may explain the 
frequently observed 13C enrichment in phloem sap carbon and heterotrophic plant 
tissues compared to source leaves that is discussed in Chapters 5 and 6. If so, it would 
be an important process to include in models of 13C/12C dynamics in plant organic 
material. With regard to 180/1 60 effects during starch export, the leaf water with which 
organic oxygen atoms exchange during sucrose synthesis at night should be less 
enriched in 180 than that during the day. This may cause sucrose derived from starch 
and exported at night to have a lower 8180 signal than that exported during the day. If 
so, the potential consequences for interpretation of 180/1 60 variations in plant organic 
1naterial should be considered. 
The observations presented 1n Chapter 7, about the influence of leaf dark 
respiration on the 8180 of atmospheric CO2, emphasize the need for a better 
understanding of the controls over stomata! conductance at night. This topic is nearly 
unexplored in the plant physiology literature, and yet it may prove to be an important 
paraineter in carbon cycle models constrained by C18OO data. 
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The impact of mitochondrial CO2 evolution on the oxygen isotope composition 
of CO2 diffusing out of leaves during the day and night is not known. This topic was 
discussed in Chapter 7. Any experiments that shed light on the relative importance, or 
unimportance, of including this process in models of C18OO dynamics would be most 
useful. 
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